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PART A

"A Survey of the Effect of 40 Liquid Metals and Alloys on the
Oxidation and Loss of Coherence of 13 Metals at

Room Temperature"

By

David A. Jackson, Jr.. and Henry Leidheiaer-. .r.



ABSTRACT

Two outstanding examples of the deterioration of meta-ls in contact

with liquid metals and alloys at room temperatiar- .vtre observed in this

study: (1) the rapid oxidation of aluminum and magnesium in the presence

of mercury and its alloys, and (Z) the cracking and loss of internal cohesiorn

of such metals as aluminum, zinc, silver, cadmium, lead, and tin in the

presence of gallium and its alloys. The most effe:tive liquid mretal alloy

in the attack on r" .. xrdinum was the 8054 Hg-Z0% Ti alloy. The T--. st effective

liquid metal alloy in the attack on magnesium was -hc 9W.1 Hg-5% In alloy.
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IN TRODUJC TION

The extremely deleterious effect of mercury on aluminum 1-as btn

documented in many scientific reports and publicat.ons and is well kn'..w:: :?.

the chemical industry. Although the phenomenon is well known, there. ate

very few studies which are helpful in understanding the factors ContIYo 01:Lg

the rate of deterioration. This portion oi the overall study was made in t' v.

very early phases when prime consideration was being given to pickiT,g a

system for quantitative study. These preliminary survey-typc experiments

culminated in the decision to study the oxidation 'of pure alumitpurch in contact

with mercuric iodide, which study is summarized in Part D of tW~s report.

The results of the study with the liquid metals are summarized here because

some of the observations may be useful to other workers concerned with the

very rapid deterioration of metals. It must be emphasimed that theon uxpu,'i-

monte are preliminary in nature and that they were only carried cut fez the



EXPERLMENTAL PROCEDURE

All experiments were carried out at room tempera.'.-,- Z5-3 ;'.

transparent, plastic reaction chamber. The --I -. bc'- was mairt-:: ed it i

relative humidity of 79-8Z%, as determined by a wet bulb and d:V b-:!b Ih.-

midity gauge, through the use of a saturated solut;.on of BaCl 2 and a ft-.

The chamber was appropriately,.baffled so that the reaction produ:, 1,•- r

disturbed by the mTovir.g air.

A Pola- [d Land camera equipped with a #3 close-up i-I... attaJhmc":

was used to take pictures of many of the experintnis. These •ctogrzrph-

served to make comparisons between experiments carried out a- diffe.-e.-t

times.

META S U•ED

The following metals were used as corrosion sampies o= ir. the pre-

paration of the various mercury or gallium alloys.

Aluminum. Pigs of 99.999% aluminum were obtained from the

Reyncle Metals Company. The analysis for this casting was as fdl,,X.s:

Si Cu M

0.0003 Oa.7".01 0.10010

The lot number for the casting vas 4R1%33.

Magnesium. Rods,15116" in di-i-neter of ma-,esl.,m, and di-tgnat-Zd

>S 99.95% pure, were obta::.,d .t:om -. D. Mackay, inc. N.- anatlyt"_ was

listed.



Tin. Bars of purified tin were obtained forom the Fisher Scien!t,I,

Company, but no analysis was avail;. ,ea.

Copper. Rods, 3/8"' in diameter, were obtained frorn the Amer-can

Smelting and Refining Company. The pt--ity w;.s listed as 99.999%.

?lnc. Sticks of 114" diameter zinc rods were obtained frov, ihe

Fisher Sc.entific Company. They were described as C. P. grade and had

the following impurities:

As Fe Pb

0. 0CZ')(,si 0. OOZ 0. 003

The lot number for the casting was 793800.

Titanium. Rods, 518" in diameter, of commercial grade A -70

titanium were obtained from the Crucible Steel Co•mpany of America , and

had the iollowing percentage analysis:

C H N Fe

0.04 O.00Z9 0.O2 0. ZO

Lead. Sticks, 114" in diameter, were obtained from the Fisher

Scientific Company and had the following percentage analysis:

- Bi CU Fe Ni Ag

0. tV-000 0.00001 0.0003 0.001 O0. •)01 0. OWrN0

Zirconium (Zircaloy-2). A threr- foot rod ,rf lirca--- -Z was obtained

from the Hanford Laboratories. The following etnalysis aco,,ianied the

rods:



Sn Fe Cr Ni N Al -

1.5% 0. 12% 0. 10% 0.05% 70 ppm. 60 ppm. -O ppm.

Cadmium. A small -.ngot of 99. 999% pure cadmniur was obtained

from the Consolidated Smelting and Refi-i'ng Cczr-pi:ny of Canada.

Antimony. Chips of high purity antimony were obtained from the

Bradley Mining Company. No analysis is available.

Silver. A small rod of 3/8" diameter silver wa- ',btaiiaed from the

Consolidated Smelting and Refining Company of Canada. It was Itited as

99. 1999% pure.

Bismuth. A small ingot of intermediate grade 99.999% pusr- 6israluth

was obtained from the Consolidated Smelting and Refining Company of Canada.

NickQ. Shavings from rods of 99.92% Ni were used. They were ob-

tained fr,- a Crucible St eel Company of America.

Barium. A small rod of 99.5% pure barium was obtained from A. D.

Mackay Company.

Manganese. Manganese in the form of small platelets was obtained

r-o.n Unit--- Mineral and Chemical Corp. The purity listed was 99. 99+÷%.

Arsenic. Arsenic metal in chunk form was obtained from the United

Mi.-.rai and Chemical Corp. The purit- was lhs.,=. a .s V. 09%.

Platinum
Pall-dium

Gold S.h-vings ol me•als )f unkn.rvn irapu-itv
Ruthenium coraunov.iti:m". we'-e use"..
Rhcd~um
lr i.•:'-m



indium. Metal, 99. 7% pure, was obtained in ingot form from t:.e

Consolidated Smelting and Refining Company of Canada

Thallium. A small -red, 1/2" in diameter, oi 99. 99%~ pure thallium

was obtain-d from A. D. Mackay, Inc.

Gaellum. Gallium metal 99-99% pure wa-, obtained from Fisher

Scien~tific Company arnd had 0. 0051% Pb listed as the only significantim

Purity.

Mercurry. Triply distilled, purifiet4 reagent grade nt~r.:ury was

obtained fromn t~af F-sher Scienti~fic Company. 7h'ýe ý_nalysis indicated that

gold and silver did not exceed 0. 005%.

Lron. Comnmon, cold-rolled steel was obtained from a local distri-

butor.

PREP-k?,TION OF SAMPLES

The majority oi the metal samples were machined iai the form of

discs, 1/21, in diameter and 1/14" thick, with a small recess on one face te

serve as a pool for the liquid metal. Only the 3/18",99.999", pure copper

rods an.;. the 15 116" 99. 95% pure magnesium rods were used in the ehameter

r-eived. Some of the other low-melting metals were recast to the desired

s-.ze before machining. After machinizig, the s.~rnpies were degreŽased ;n

ether anid dried before beiing transferrwd ti, tlie :ct-imber. After

bhum-idity equilibrium was zrchi-eved -.r th- chamber, -adrops ct vwo of etching

solution was pla-:ed oz -.he sample. ro~ii* -:, by the liqu-J metal or salt -.sed

as th-e corrosion promnctc:
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TYPE OF ETCMANT

For all samples except titanium and zirconium, the etching sc lution

was HCI (gas) dissolved in 95% ethyl alcohol to the exirent where a ZM to 3M

solution was achieved. For the titanir;. and zi•conium samples, sever-,

fluoride etchants were used:

a) Solid HgFZ + ZM HF

b) IM HF

c) Solid NaF + ZM HZSO 4



EXPERIIIENTAL RESULTS

ALUMINUM

The -- sults obtained witb many 6iffee-rent i;d alloys are sum..a- --

ed in Table 1. The general type of oxidation observed with the mere-r-' tffloys

,&as similaz- to that obtained wit!- Pure mercury and many melrcury saltz in

which long filaments cf cxide grew from the metal surfa-ce. Figur-e I is

typical cf the appearance of the majority of the samples pe-XPCe V~the alloys

in icolumn I cf !a--ie *

In the case of the gallium alloys, the samples dia not gey.sa reIy ex-

hibit as l~rge an mounrt of oxidation as observed with the mercur-y alloys,

but rathe- tb• samples deteriorated by cracking. Wetting of the sum-faces

of the sa. ples by the gallium alloys took place only in the recessed area

directly unde- the pool of liquid metal. Hcwever, once wetting began, the

liquid metal penetrated the sample largely along grain boundairies. In some

cases, the location c! the cracks did not appear t,- be related to the location

t-f the gra .. boundaries. Figure 2 shows several typ:cal experiments with

six ga':ium ali-ys.

bI

I I



Figure 1. Typical type of oxidation observed when pwre aluminum was
expo~sed to the ine-cufy allcvs listed in column 1 of Table L.
This particulart experiraen. -,r.s z-, - sd:.:*wth llgr' 2 .

HgC1z. an~d HgIz, but it is typical cf the resutgs obtatned with
liqui-d merc-ary- alieys.
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Figure Z. The attack on aluminum by gallium alloys. The following
alloys were used: 1I, pure Ga: #3. 9i% Hg-5% Ga; #5.
90 Hg-10% Ga; M8, 75% rg- 5 -94 ;. SL: % Ga-Zf,',D In;
#11, 65% Ga-35% in. No white oxide was apparent in samples
containing no mercury. Cr;ckI-;ng arine spi-. t-ok pl-ce on
all samples. The samrlz i-'acked by pure Ga: %14 11 cracked
severely but did not spo.tau..-ously sepaate. in-- white oxide
was scraped away ,rc. sa.n-iles 43. 05, and #8 to show the
fragments. Reactio.n timne - '6 hou:-s.
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TABLE I

A Tabulation of the Experimental Results Obtained when Cylinders of 99.999%
Aluminum Were Exposed to Various Liquid Metals and Alloys

Alloys Which Caused Alloys Which Caused Alloys Showing No
Severe Oxidation of Cracking of Alum.n -n Severe Deleteriolq

Aluminum Effect on Aluminum

Hg Ga All alloys c---jse- c•.hn-
appreciable oxidationc-z

95% Hg - 5% Ga 95% Hg - 5% Ga led to cracking.

90% Hg - 10% Ga 90% Hg - 10% Ga

75% Hg - 25% Ga 75% Hg -- 5% G-

9t% Hg - 5i La 80 Ga - 20% In

95% Hg - 5% T1 65% Ga - 35% In

80% Hg - 20% T1 95% Ga - 5% Zn

98% Hg - Z-j Sn 92% Ga - 8% Sn

98% H -?% Bi Ga satd. with Ti

8Z% Ga - 18% In Ga satd. with Cu

70% Ga-18% in-1Z% Sn 70% Ga-18% In-1Z% Sn

Hg satd. with Pt Ga satd. with Ag

Hg satd. with Pd 90% Ga - 10% Cd

Hig s.td. with Au Ga satd. with Ni

Ri; satd. with Ag 8Z% Ga-l1% Sn-6% z.-.

Hg satd. with Ba 70% Ga-i&. in-USS Sn

Hg satd. -. iith Mn 98; Hg-Z% Ga Alloy

F.& satd. vith Mg
95% Hg -1 "-. G lley

SHg satd. with Cu ..d. "ith in

i / . ,. I



TBEI(c ont)

Alloys Whir±h Caused -Alloys Wbich Cause-3 Alloys Sr41owing No
Severe Oxidatiun of Crackidng of AlmUIbnum Severe Deleterious

______________ Ef________Lfect ar. AlIumin3Wm

9rOMHg - 2Sý Y 9ARg - 5% TI alloy

92% Hg - 2% Z'n

9-7. Hg - srCed

Eg satd. wiita Rz

Hg satd. wITh

IHg 3zd.'wth 1

51% Hg-.41% in-as -11

73f, Hg-17% in-IF%. Ti

01f Bg - 24.L Ga alloy
satd- 1with MI

95% ft - 5% Ge 1o
said. wii TI

99% HS-2% Ga
satd. w inhI

95% Hg - 9% Ga

satd.- -i



COPPER

The following liquid metals and alloys were studied:

Pure Hg Hg satd. with Pt Pure Ga
95% Hg - 5% In Hg satd. with Pd 8005 Ga - 20% In
90% Hg - 10% In Hg satd. with Au 9Z% Ga - 8% Sn
80% Hg - 200 In Hg satd. witL Ag 95% Ga - 5% Zn
98% Hg - 2% Pb Hg satd. with Ba 8Z% Ga - 18% In
98% Hg - 2% Zn Hg satd. with Mn Ga satd. w...h Pb
98% Hg - 2% Sn Hg satd. with Ir Ga satd. with Ti
95% Hg - 5% TI Hg satd. with Aq 82% Ga-125% Sn-6% Zn
90% Hg - iO% TI Hg satd. with Rh 7Mh Ga-18% In-12% Sn
80% Hg - 20r Tl Hg satd. with Mg 73% Hg-17% In-l0% Ti
70% Hg - 30% T1 Hg satd. with Ru
95% Hg - 5% Cd 51% Hg-41% In-8fo Ti
95%. Hg - 5% Ga 95% Hg-5% Ga satd.
90% Hg - 10% Gt with Ti
98% Hg - 2% Bi 95% Hg-5% Ga satd.
Hg satd. with Cu with In

All the copper samples were readily wet by the liquid alloys bvt no

evidence of oxidation, cracking, or peeling was observed in 90 hours. The

samule, could not be broken even when a strong bending force was applied.

LEAD -

None of the alloys studied exhibited a tendency to promote the oxida-

tion of ie? 1 to any visible extent. How-ever. many of the alloys did cause a

loss of coherence of the lead as shown by the fact that bending the samples

re-. ., ted ir fragmentation. Those alloy.. .;-hich did :Lnd die. not cause a loss

cf c.rerence are listed in Table II.

Because of the survty-natur- :s- t_'-sc experim-ats, it iz :.ot possible

to eraw clear-cut conclusions. 'L% did a.•.ýar, hoa'ever, that a necessary

prelimina Ij to the loss of -tohe:ence n-..%;-a.- tin. of t:h read su:face by the

SmmN m m ,, "" -&m



liquid metal. Since wetting can be affected by thin surface films, it must be

recognized that some of the alloys which did not cause a loss of coherence

mr•y have done so under different conditions of surface preparation.

TABLE 11

A Tabulation of the Liquid Metals and Alloys which Did and Did Not

Cause a, Loss of Coherence of Lead Samples

Those Alloys Which Those _A.,ys in Which No
Caused a Loss of Coherence Loss of Coherence wis Observed

95% Hg - 5% In Pure Ga
90% Hg - i In Go said. with Pb
80% Hg - 20% In 95f Ga - 5% Zn
98% Hg - Z% Zn 8Z% Ga - 18% In
98% Hg - Z% Sn Ga satd. with T1

95% Hg - 5% Cd 92% Ga - 8% Sn
95t Hg - 5% Ga 8Z% Ga-12% Sn-6% Zn
90% Hg - 10% Ga 98% Hg - Z21 Bi
80% Ga - Z0% In Hg satd. with Cu
1016 Ga-18% In-1Z% Sn 95% Hg - 5% Tl
Hg satd. with Pt 90% Hg - 10% TI
Hg satd. with Pd 80% Hg - Z0% TI
I-Hg satd. with Ir 70% Hg - 30% T1
Hg satd. with As 80% Hg-18% T1-Z% Pb
Hg satd. with Rh 98% Hg - Z% Pb
Hg satd. with Mg Hg satd. with Au
RH satd. with Ru He satd. with Ag

Hg satd. with Ba
Hg satd. with Mn

M:.--:NESIUM

The typical result obtained whr,- magnesiumrn -,s --. ,;:acted with

mercury or its alloys at hig-, relative hun~iditio•s is shown :,n Figure 3. The

-.xide generally formeo in a column wh.4.h .- ar a layered s*Lucture. The

oxide was voluminous and --. 7ay diffra-'tion analysis did not yield rings

- &



characteristic of a crystalline compound. The liquid metal alloys which -lid

and did not promote the rapid oxidation of magnesium are listed in Table 11.

In no case did observable cracking or loss of coherence occur.

Ii

Figure: 3. The typical -appearance o!:r -zsiwn sampics aftetr exp>osure
to liquid mercury; alloy:: et -' relative hemi~diq, for Z4 '-urs.
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TABLE III

A Tabulation of the Liquid Metals and Alloys
Which Did and Did Not Cause Appreciable Oxidation

of Magnesium Samples

Thuse Alloys Which Those Alloys Which Did
Caused Rap.d Oxidation Not Cause Rapid Oxidation

of Magnesium of Magnesium

Hg Ga
95% Hg - 5% In 80% Ga -20% In

* 90% Hg - 10 % In 82% r-A-•2% Sn-6% Zn
* 80% Hg - 20% In 70% Ga-18% In-1Z% Sn

98% Hg -2% Pb 9Z% Ga - 8% ba
98% Hg - 2% Zn 73% Hg-17 :n-10% Ti
95% Ng - 5". T1 511L Hg-41% In-8% T1
90% Hg -10% T1 v Ga satd-.V.th A;

80%Hg- Z0%T T1 # 95%Ga - 5% Zr,
70% Hg - 30% T1 # 9% Ga - 8% SP
80% Hg-18% TI-Z% Pb # Ga satd. with Ti
98% He - Z% Sn

955's Hg - 5% Cd
95% Hg - 5% Ga
30%7F Hg - 10% Ga
98% Hg - 2% Bi
Hg satd. with Cu

I Hg satd. with Ir
I Hg satd. with Rh

Hg satd. with Ru
# Hg satd. with Pt
I Hg satd. with Pd

-- g satd. with Au
I Hg satd. with Ag
f Hg satd. with Ba
# Hg satd. with Mn
# 98% Hg - 2% Ga alloy

satd. with Ti
i 957. Hg - 5% Ga alloy-

satd. .-_ith TI
0 98% Hg - Z% Ga Ajloy

satd. with 1n
S9-.% H& - 5% Ga alloy

satd. with In

'# Ga



TABLE M (cont.)

Those Alloys Which Those Alloys Which Did
Caused Rapid Oxidation Not Cause Rapid Oxidation

of Magnesium DI Magnesium

-# Ga satd. with Cu

*# Ga satd. with Ni
*# 90C% Ga - 10% Cd

In these experiments the total amount of oxidatiqor: was much less
than with pure mercury.

# - These ex--ire..ts were carried out with 99.95% pure Mi, All
the other =D.erunents were carried out with 93.99% pure Mg.

STAINLESS STEEL

Sarnp'.,-s of 304 stainless steel were exposed to the Z0 different

liquid m -alk anid alloys listed below. No deleterious effects were ob-

served. There was no obvious oxidation, cracking, or loss of ccherence.

Hg 98% Hg -Z% Zn

95% Hg - 5% TI 98% Hg - % Sn
80% Hg - 20% TI Ga
70% Hg - 30% Ti 95% Hg -5% Ga
9.5V- Kg - 5.% in 90% Hg - i0 Ga
90i Hg - 10% In 75% Hg - Z5% Ga
80% Hg - Z0% In 80% Ga - Z0 In
70%, Hg - 30% In 65% Ga - 35% In

95% Hg - 5% Cd 95% Ga - 5.ýo Sn
8-0% Hg-180% Tl-Z% Pb qs% 3. - 5% Zn

TiN

A number oF the lquid -..c,. ,_ ail•-. with gallium as the major con-

-,tituent ha..- ihe effect of reducing coh-. :.: in the tin sarntpes. Many of
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the samples broke readily along grain boundaries when a weak bending force

was applied with a pair of pliers. In no case was rapid oxidation of the

samples observed. The alloys studied and their effect or. coherence are

given in Table IAr.

TABLE IV

A Tabulation of the Liquid Metals and Alloys Which Did
and Did Not Cause a Loss of Coherece

Those Alloys Which Those Alloys in Which No
Caused ,, '-o-• of Coherence Loss of Coherenc- - as Observed

Ga Hg
90% Hg - 10% Ga 95% Hg - 5% In
80% Ga - Z0% In 90TO Hg - M0, In
82% Ga-lZ,% Sn-6% Zn 80% Hg - Z0% In
'0% Ga-18% In-IZ% Sn 98% Hg - Z% Pb

98% Hg - 2% Zn
98% Hg - Z% Sn
80% Hg-18% Tl-Z% Pb
95% Hg - 5% Ti
90% Hg - 10% TI

80% Hg - Z0% Ti
70% Hg - 30% Ti
95%Hg - 5%Ga
98% Hg - 2% Bi
Hg satd. with Cu
Hg satd. with Pt
Hg satd. with Pd
Hg satd. with Au
Hg -atd. with Ag
Hg satd. with Ba
Hg s;!td. -with Mn
1-i-. -.- 1. with 11
"%g sata. :-,-tb Ak:,

Ag ;;td. with Rh
Hg tatd. with Mg
Hg zatd. with Ru
(a satd. with Pb
Ga said. with TI



TABLE IV (cont.)

Those Allc, s Which Those Alloys !n Which No
Caused a Loss of Coherence Loss of Coherence was Ohs .. ved

95% Ga - 5% Zn
95% Hg - 5% Ga

satd. with T1 -

95% Hg - 5% Ga
s-atd. -wimu b,

9 .% Ga - 8% Sn
51% Hg-41% In-8% T•
73% Hg-l.% In-O1% ii

TITANIUM

Ti.tn:unrn samples were exposed to al1 -1, the liquid metals and

alloys used in this investigation. n-i no case was there any evidence of oxi-

dation, cracking, or loss of coherence. Along with the EtOH-HCl etchant

--sed with otheer metals, studies were also carrica out in which the EtOH-HF

and ZM I1l-0. 4M NaF etchants were used. The use of fluorides, known to

increase the activity of titanium, were without effect in increasing the rate

of oxidation or in promoting a loss of coherence.

ZINC

A serious loss in coherence, with rupture primarily along grain

ho"."daries, was observed with all the liquid metals and alloys. The loss of

coherence appeared to be greater in the case of those alloys in w'c.n gallium

was the r.na-:or constituent than in th.ee a!;-:ys in v.:-.-. nWa'--..r w-s the

major constituent. No apparent increase in oxid.ation was observed.



ZIRCONIUM

None of the liquid metals or alloys were effectir'e in causing rapid

oxidaticoi of zirconium or resulted in any obvious loss in coherence- Ex-

periments were carried out with both the stanea- " EtOH-HCl etchant and IM

HF with- similar results.

MISCELLANEOUS EXPERIMENTS WITH ANTIMONY, CADMIUM, AND

SILVER

Small cylinders of c-dmznium and silver werc severely cold worked by

means of hammering and a cylinder of antiL ony was prepared by machining.

A drop of pure galli-um was placed on each cylind • and it remained in con-

tact with the metal for 10 hours. Solidification of the liquid alloy took place

on the antimony and silver samples. The cadmium sample %as weakened by

this exposure because it readily cracked when a small bending force was

applied.

A similar ex.periment was carried out with the 70% Hg-30% Ga alloy.

Under these conditions all three metals suffered a ioss of coherence and

cracked or broke when a small bending force was applied.

IRON

In order to investigate the possibility of cracking of hydrogen-charged

stt-.- by gallium and its alloys, the following tests were made. Cvuixx.Con,

ccM1-roii'l steel was machined inte, fla: -- -'scs appr "in.5.2  -8 cm. in

diameter, I mm. thick and hav.ng arpro.lxlat..-y 5 cm.-Z total surface area.

Each sarnple was charged with hyl-dug*- b.- iaaking it the cathode in a I N



HzSO4 sotution, with a cu=-ent densit', of 40 mamp. 1cm. i2 fifteen min-

utes. The anode was a coiled platinum wire. After charging, the samples

were rinsed in distilled water, dried, ana trcated with a gallium alloy and

the EtOH-HC1 etching agent. The experiment was carried out at room

temperature (Z5-30°C) in the atmosphere (75-95% relative humiulty). in.:

liquid alloys were allowed to remain in cc-tact with the steel discs for three

days. The samples were then examined for any a--acking, pitting or oxi-

dation. The liouid metal alloys were easily removed from the samples

leaving the surface clear of any apparent rust. Co.se examination of the

samples at ZOO-300 X showed minute pits. No cracking or severe damage

was observed. A very slight discoloration was observed on the steel direct-

ly under where the liquid metal had been placed. No wide-spread alloying

or penetration could be detected. After visual inspection, the samples were

flexed several times by bending with pliers. In no case did the samples

break any easier than the untreated samples, and it is assumed that no

significant weakening of the steel wa- caused by the liquid metals.

Alloys and metals used in this experiment were as follows:

92% Ca - 3% Sn
8-% Ga - IM% In

70,6 Hg - 30% Ga



LOW TEMPERATURE STUDIES

In order to investigate the cracking of aluminum and magnesium

samples by mercury near the freezing point of n-.rcury, a special reaction

vessel -aas constructed. The vessel c(.nsis:ed oi wo pyrex tubes, approxi-

mately 9116" inside diameter, 6" long, each sealed flat on one end, az-d

connected together with a 19/38 standard-taper joint. The vessel was

mounted in a vertical position, with the lower half imnmersed in the cooling

bath. The upper balf had a short side arm tube p: ojecting at a 45* angle.

The end of the -e arm tube was covered with a rubber diaphb_-,m containing

a small pin hole. This diaphragm server- as an air-tight openi-ý. t•o

which a finely-drawn eye dropper was inserted when admitting thr etching

solution an liq-td metal alloy. At the extreme upper end of the vessel a

drying . -em. (Drierite) was packed and held in place by cotton wadding.

The metal samples were machined in the shape of lIZ"1 diameter

cylinders, 3/4" long. A hole was drilled in the end of each cylinder to

accommcdate a thermometer bulb. .-efore each test was run, the vessel was

filled wit' -rgon gas and sealed to keep oxidation at a minixum.

The cooling liquid was chosen according to its freezing point. Since

ti.- .reezing point of mercury is -38.87 C... it wp desir: i to have a cooling

bzth which would maintain a temperature in this region. Ethylenedichloride

(M.P. = 3-. 3°C.) was first chosen. but -- ter it was tund that pyridint:

(V P. = a 1. 5"C.) was more satiA fact•r'.. The pjridine was frozen with dry

ice and ac---tone, broken up. and trans:ct, into ; Dc•i-rr flask, as a slush.



The reaction vessel was lowered into thf- cooling bath, and the temper;ture

of the sample soon achieved a constanc value of approximately -38°.

In general, the samples were unstressed except by the amount in-

duced by machining. Several szmples, however, were pre-stressed with a

hydraulic press. These samples appeared to be attacked the greatest amount.

The attack by pure mercury on stressed alumninam indicated deep

penetration. especially at grain boundaries. Some cracking took place at

,rain boundaries, but to a much lesser degree thbn in the att.ael by pure

gallium at roo-." .-ranperature. The attack by pure mercury ois iagnesium

was indeterminate; very little surface alloying took place, bu: C-i3 was

probably due to the short period of time that the reaction was allowed to

proceed. 1 C•he cooling bath held the temperature at -38°C. for about 6 or

hours . ly. ! The only -pparent rea.ction was the small amount of oxidz .on

by air leakage. In general, the amalgamation processes were much slower

than at room temperature. Even the initial oxidation process was slower

when the cold samples were exposed to air. Mercury alloys seemed to be

no more '"cti. e i-- cracking Al or Mg than the pure metals.



DISCUSSION

in this survey of the acceleratcd corrosion of various metals by

liquid metals and metallic salts, two outstanding examples have been noted:

1) the rapid oxidation of aluminum and : agnesm-n_ in the presence of rn--_7

cury and its alloys, and Z) the cracking and loss oi internal cohesi'r. o01 .- =.

metals as aluminum, zinc, silver, cadmium, lead and tin in the presence of

gallium and its alloys. Metals having an exceptionz-,"y protective oxide film

had very high resistance to attack by the iic -.id metals. Such were the cases

with titanium., 7-.xca•.uy-Z, and stainless steel. ThL "se of fluoride et-hing

agents - materials which are known to destroy passivity in some metals -

did not rerider these metals susceptible to attack by liquid alloys. Copper

was wet by many of the liquid alloys but no apparent catastrophic deterioration

of the "m.tal occurred.

Mercury alloys of platinum, palladium, gold, silver, ruthenium,

iridium, and rhodium were no more effective than pure mercury in the

attack on aluminum or magnesium. The most effective liquid metal alloy in

zhe attac;, on aluminum was the 80% Hg-Z0% TI alloy; the most effective

!;-.-,id metal alloy in the attack on magnesium was the 95% Hg-5% In alloy.

The cracking of aluminum by gailium and its alloys has been studiedI
at ioorn te.-mperature. This te-era'-:-. near thi .- _ point of gallium.

It is thought that penetzauu, of the sanmpl.s by gallium might b- followed by

a local solidification of at, alloy in "erg. 5. -,'t crevices. Possibly. this



freezing would lead to stresseo great enough to promote cracking or lost of

coherence. Experiments at low temperatures near the freezing point of

mercury have given some indication that this r-ay be so since the aluminum

samples appeared to show a loss in coherence ",-h :-i exposed to mercury at

temperatures first abo'e the melting point.

Pre-stressed samples are known to be highly embrittled by lquid

metal attack. For example, when pre-stressed silver was exposed to the

70% Hg-30% Ga all•y, the sample broke apart eas:Zy when a beneing force

waa applied. N-, -nally, silver is highly ductile.
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"Catalytic Acceleration of the Corrosion of Aluminum,
Iron. and Copper in Aqueous Solution at Room Temperature"

By
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ABSTRACT

The corrosion of iron in mineral and fruit acids at room temperatt-re

is greatly accelerated in the presence o, Group VINi metals present originally

in the solution in the ionik state. The average relative effectiveness decreased

in the order: platinum, rhodium, palladium, iridium, ruthenium, osmium.

cobalt, and nickel. The maximum corrosic--- rates in iN and 2.N solutions

were 100-180 mg. /cm. Z/hour. These rates appeaied to be limited by diffusion

of the reactants to or the products away from -he surface. Very -apid corro-

sion of iron was obtained in ZN acids containing 10- 4 M PtCl4 and 0. rM Nal.

Severe pitting and perforation of a 114" thick sample as well as dislodgement

of fragments from the sample were observed. A series of experiments carried

out as a function of pH indicated that iron begins to corrode at an appreciable

rate below pH 5.

Very rapid corrosion of aluminum and a number of alloys at room

temperature was obtained in mineral acids containing ions of the platinum

metals, mercury, or combinations of two metals. Rates as high as ZOO Mg. I

cm. Zihour were obtained in ZN HC1. Pure aluminum corroded at a rate in

exct% of I rag. ncm. Zhr. in water and ZN NaCI containing 10- 3 M Hg(II) plus

In(It".

The platinum metals were not elf-, ,ve in increas.g tae corrosion

rate of copper in ZN HM or HSO.a at room tempu.ature. Pllxdium, platinum,

and rhodin,_ originally present as "%3ns, -- •-_ ef'ective in inhibiting th. corro-

sion of copper in ZM HNO:. 4i room temperature.



!NTRODUCTION

Previous stadies indicated that the platinum metals are very effec:'ve

in increasing the rate of corrosion of mztals in various acids at the boiling

point (1,2). The motivation for the experiments summarized herein was to

make a survey of the effect of the Group VII metals on tthe corrosion 0f iron'.

-. ell as to assist in asking significant questions. As the work progressed, it

was decided to investigate also the effect of mercury and indiumz- on the

corrosion of aluminum and its alloys.

Quantitative and sophisticated experiments were not carried out as

originally planned because the decision was made to place major emphasis

on a quantitative study of the oxidation of aluminum in contact with mercuric

iodide in an atmosphere of moist air. These experiments are summarized in

Part D of this report.

II

- a -
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EXPERIMENTAL

Metals Used

Iron. Rods, 0. 5" in diameter. of Fei'rowve E i:-on were obtained

from the Crucible Steel Cumpany and had the following percentage analysis:

C Mn P S Si Ni

0.007 0.002 0.00Z 0.00)7 0.006 0.0Z

Cr V- W Mo Cu Al

0.01 0.008 0.02 0.02 0.006 0.010

Co N 02 H?

0.006 0.00043 0. 0057 0.000050

Alv-n.-urn. Five standard types of aluminum alloys and two high

purity a!-nirujxa samples were obtained from the Reynolds Metals Company

and had the following percentage analysis:

Alloy Others

Designation Si Fe Cu Mn Mg Cr Zn Ti_ Each Total Al

EC Hill . ---- --- ---- ---------- 99-45
min.

01l4 .8 --- 4.5 .8 .4 --- ---- ---- ---- ---- remain-
der

9.5 --- .- "------------

545v .14 .26 .12 .78 z35 0. 7 .0? .03 . 0_ .i
max. max.

6•O 5 . . . . .--- ---

7079-T6 ---.. . .6 .2 3.3 .1; 4., --- -

.-5-o's -0003--- .0001 --- . -. -- ---------- 99.9996

r.min.



Copper. Simples, 99.999% pure, was obtained from the Americar

Srmelting and Refining Compa.ny in the form of rods, 318" in diameter. Cor-

rosion samples, 1/4" in length, were machined from. the rods.

Procedure

The iron samples were machined in the form of flat cylinders approxi-

mately 0. 50" diameter and 0. Z5" in length. Degreasi:.g with ethyl ether was

followed by slightly etching the samples in boiling diluie HC1 or H 2 SO 4 ,

rinsing in distilled water, and drying under a heat lamp.

The alun i -- n alloys were received in the form of 0.25" :-,at sheets

several inches long, cast pigs, or cast rods 0. 625' diameter. T--ples,

0. 50" in diameter, were punched out with an hydraulic punch and uie from

the flat shee,.. These punched samples were distorted so that further

machinin was rnecessary to obtain a uniform sample size of approximately

0.47" diameter and 0. 25" in length. Samples cut from the cast pigs or cast

rods were somewhat larger (0. ;0" in diameter and 0. Z5" in length).

Each sample was lightly etched, washed, and dried just prior to the

individual z•eriment. The samples were placed in flasks containing the

various salt-acid solutions, allowed to remain for the desired length of time

.',noat stirring at room temperature, , finaliv -- move-'. rinsed in

di;t'lled watei-, dried, and weighed to deter-mine the loss due to corrosion.

Surface area measurements were mzt v- :h the help & 'a rnicro:nctcr, and

th- values f-r the corrosion rates as ve:'.i-lnss per square centimeter

were calcu,ated. It should be noted tiuat a .n%-y -ascs the aluninum samples



underwent a great decrease in size. The corrosion rates were calculattA on

the b;sis of no change in surface area, however. Thus the calculated cor-

rosion rates were somewhat less than if the change in surfacr area had been

taken into act-ount-

I=

5|

! ,
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RESULTS WITH IRON

Corrosion in HC1. The results obtained in IM HC1 over a perioa of

24 hours in the presence of 10- 4 M Group VIII chi -id- are summarized in

Figure 1. Similar experiments in the presence of 10-3M Group VIII chloride

are summarized in Figure 2.

The results obtained in ZM HC1 containing 10-3M Group VIII ch.ori-:e

over a period of 60 minutes are summarized in Figures 3 and 4. Since the

vertical scale i- -o different in the two figures, data for ruther" im are given

in both figures in order to relate the two figures b.-tt-r.

It will be noted that platinum was the most effective in all .nstances

in causing , Lry rapid corrosion; rhodium, palladium, and ruthenium were

intermu 'iate 2n- effectiveness; and iridium, osmium, nickel, and cobalt were

ineffective. Additions of platinum to the acid caused the corrosion rate of

iron to increase by almost three orders of magnitude.

Corrosion in HiSOC. The results obtained in 0. 5M H 2 S0 4 over a

period c• 14 hours are given in Figure 5 for 10-4M added Group VmI chloride

and in Figure 6 for 10- 3 M Group VIII chloride. It will be noted that platinum

v.-= the Tr'ost effective in incr-:asing t-. .ate in this med'hu-n also, and nickel

=i- cobalt were relatively ineifective.

Mixtures oi Groun VIII Chln ides It was neoz, of irtcr.ý;t to d4=er--

-:ne if mixtures of two of ti-: Gi oup V-iT chlorices were any more effective

than singme additions of a Gryoap VIlI *.j;:I-t ie. The first experirnenis wcre

carried out with 10-3.1i platirium chloride rius 10-'M ofi.. second Group VIIIHI
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Figure 1. The corrosion of iron in IM HCI in the

4001- presence of 10-4M Group VIII chloride. /Rhodiurn
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1000 - Figure 3. The corrosion of iron in IM HCI in the
1000presence of 10-3 M Group VIII chloride.
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SFigur• 3. The corrosion of iron in ZM HCI in the •• 36. ---

presence of !0-31M Group VTTI chloride.
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Figure 4. The cc~rrosio-i of ironi in Z]N HCI in the

p~resence of 10-3 M Group VIII chloride.
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Figure 5. The corrosion ei iro.- in 0. 5 M HzSO., in the presence

zoo- of 10- 4 M Group VIII chl'oride.
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Figure 6. The corrosion Of iron in 0. 5 M HZS04 in the

presence of 10- 3 M Group VIII chloride.
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chloride in IM HCI. Since the rates in the presence of platinum were so

great, it was necessary to limit the experiments to one hour. The results

of these experiments are summarized in Table 1. Experiments with other

mixtures are summarized in Tables 11 - V.

I

TABLE I

The Corrosion of Iron in IM HCO at Room Tempera'ure

Presence of 10- 3 M Each of Two Group VI"I Chlorides.

Mixture of 10- 3 M of each Weight loss in 1 hour in mg. 1cm. Z

Pt and Co 177

Pt and Ni 179

Pt and Ru 177

Pt and Rh 165

Pt and Pd 116

SPt and Os 173

3Pt and Ir 177

Pt alone i36

r I

rI



TABLE II

The Corrosion of Iron in IM HCI at Room Temperature in the
Presence of 10- 4 M Each of T'o Group VIII Chlorides.

Mixture of 10- 4 M of each Weight loss in I hour in mg. cm. 2

Pt and Co 96

Pt and Ni 96

Pt and Ru 90

Pt and Rh 94

Pt and Pd 100

Pt and Os 7S

Pt and Ir 89

Pt aione 99

TABLE MI

The Corrosion of Iron in 0. 5M HZS0 4 at Room Temperature in
the Presence of 10- 3 M Each of Two Group Vm

Cblo-ides.

Mixture of 10- 3 M of each Weight loss in I hour in mg. Icm. Z

3 P. and Co 109

Pt and Ni 99

Pt and Ru 3b

Pt and Rh 7T

Pt and Pd 82

Pt and Os 83

Pt and Ir 83

Pt alone 104
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TABLE IV

The Corrosion of Iron in 0. 5M H1SO" at Roo-n Temperature inj the Presence of 10- 4 M Each of Two Group VIII Chlorides..

Mixture of 10-4M of each Weight loss in i hour in mg. !cm. 2

Pt and Co . i5

Pt and Ni 110

Pt and Ru 43

Pt and Rh 44

Pt and Pd 54

Pt and Os 85

Pt and Ir 116

Pt alone 106

TABLE V

The Corrosion of Iron in 2M HCO at Room Temperature m the
Presence of &'-3% Each ef Two Group VmI Chlorides.

Mixture of 10- 3 M of each Weight loss in 1 hour in mg. 1cm..
Mixture Second metal alone

Ru and Co 10 0.5

Ru and Ni 10 0.1

Ru and Rh 186 189

Ru and Pd 1U8 39

Ru and Os :. 2 5

Ru and Ir 30 0.5

RK ?nd Pt 31.0

Ru alone --- ic

SI I II lll i i II I i i ' l'l q I
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It was recognized as these experiments were proceeding that rates

obtained In the presence of platinum were probably the maximum that could

be obtained under the conditions used. It thus became apparen- t ii a.i
U

syneig.stic effect was to be found, it s*.ould be scught in systems in which

neither of the two species were very active when used singly. Experiments

were thus carried out in ZM HCl with mixtures of osmium and cobalt

(7'igure 7), of osmium and inickel (Figure -3), and of iridium vith osmium.

cobalt, and nickel (Figure 9). it will be noted that in all cases tha ::ate of

corrosion in thc ýresence of the two metals was greater than -. z: sum of their

effects singly. Additional experiments must, be c.-rried out to confi.r.m this

observation &ad to determine why this is true.

rI



Figure 7. The ccrrosion of iron in ZM HC! in the presence
of 10- 3 M Group VIII chloride.' ~/
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4 Figure 8. The corrosion of iron in ZM HCI in the
presence of 10- 3 M Group VIII chloride.
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IFigure 9. The corrosion of iron in ZM HCL in the presenceX

Kof 10-3 M Group VIII chlorides. Iii mpu
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Corrosion in the Presence of Platinum Chloride and an Inert Salt. The

rate of corrosion of iron was determined in ZM HC1 containing approximately

a ZM concentration of an inert salt and 103 M platinum chloride. The results

of this study are given in Table-- VI.

TABLE VI

Effect of the Addition of an Inert Salt to a Concentration of Approximately 2M

on the Corrosion of Iron in ZM HCl Containing 10-3 P!atinurn Chloride

Weigl. loss in mg. /ci-. Z

Added Salt 1 hour 3 hovrs 24 hours

Blank (10- 3 M Pt) 310 449 t0ol

LiF 58 104 245

NaF 2.95 4 .1 14.4

KF 0.013 sl. gain 0.49

LiCl 155 270 94Z

NaCl 14Z 208 948

KCI zz 143 397

-aBr 177 274 858

.iI 146 143 827

Nai* Z.1 18.7 64

I U3 319
SA 

l ,(S O4 
1
3  

-. iZ ) 
1

I - Corrosion in this case w- s by pltt-ng anid b- dislodge-ment of fragments

which fell to bottom f flask.

- " .- i1 - .-
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Corrosion in A .s Containing Both an Activator and an Inhibito-.

Previous experiments have shown that platinum is a very effective activator

for the corrosion of iron in both mineral and fruit a.dds (I). It is also well

known that certain material _ , -e very effective: it- inhibiting the corrosinn of

iron in many cases by the f- -- ation of a protective film on the surface. The

purpose oi these experiments was to determine if a combination of an activat-

ing agent, such as platinum, and a film-forming substance, such as SnCl 2 ,

might have the net effect of concentrating the attack at a few !o*.ations with

ccase-uent dee; :Att;ng or perforation of the sample. Results Gotained in

2N HCl, ZN HZSO4, ZN citric acid, and ZN formic acid conta ain-g .- 4m

PtCl 4 in the presence of 0.5)M and 0. 1M additions of potassium dichromate,

sodium iodz,.e, lead chloride, tin chloride, and sodium phosphate are

summa n; zea in Tables VU and VII.

It will be noted from Table VII that the most effective combination oi

activator and inhibitor, insofar as perforation is concerned, is platinum

plus Nal. In fact, in HCl the iron sample was completely perforated in 6

places. "- .en the sample was held up to the light, the perforation was

readily observed. Further studies should be carried out using SnCl as an

intiOztor at a series of concentrations oelow n. 1%1 Thiz. concentration is

ap.arently too high and almost complete protection was obtained in ail iouir i

acids. It also appears desirable tu carr- out add1itio- ;. experiments using

ct%-er alkal; metal halides in place ol _V !.

J.
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TABLE VII

The Corrosion of Ferrovac Iron in Acids in the
Presence of 10- 4 M PtC14 and Various Inhibitors at Room

Temperature in Z4 -Hour Period

Acid Added We'ght ,.oss Remarks
Inhibitor in .g. /cm. Z

ZN HCI 0. 5M KzCr3 O 7  197 Mg. general corrosion with
even pitting

0. 5M Nal 990 severe corrosion with complete
perforation o,- sample in 6 place -

0. ''.: PbClZ 42 some pitting, not seve-e

0. 5M SnCIZ nil severai smail z:is

0. 5M Na3 PO 4  545 general corrcsion with large,
shallow pits

ZN HZSO 4  0.5M KZCr07 215 uneven corrosion, generalpitting

0. SM Nal 940 uneven corrosion, 12 deep pits

0. 5M PbC12 Z22 deep pitting in center

0. 5M SnClZ nil no pitting

0. 5M Na 3PO 4  990 even corrosion -ith I1 pits

ZN citric 0. 5M KCrZO7  nil no corrosion or pitting

0.5M NaI 315 rough surface, 8 pits

0. 5M PbCI2  niI no corrosion or pitting

0. 5M SnC12 r-;-' cor--•. - 3n or pitting

0. 5M Na 3PC 4  • about 1Z small pits

';W formic O. 5M KZCr 2 0 7  nil no corrosion or piit:-g

0. 5M Na! 380 roueg :"---ace, 15 pits

S!I
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I TABLE VII (cont.)

I Acid Added Weight Loss Remarks

Inhibitor in mg. /cm. 2

ZN formic 3. 5M PbClZ 35 xzb deposited out

0. 5M SnCI nil io corrosion or pitting

0. 5M Na 2 PO 4  162 no pitting

ifI



9 TABLE yfII

ihe Corrosion of Ferrovac Iron in Acids in the
Presence of i0- 4 M ptCl 4 and Various Inhibitors at Room

Temperature in 24-Hour Feried

Acid Added Weight ioss Remarks
Inhibitor in mg. /cm. 2

ZN IICI 0- 1M K 2 Cr2 O 475 ane:7al corrosion. even
pitiing

0. 1M Nal 350 r4igd surface, uneven
pitting

0. IM PbC12  40 small, scatt c ed pits

0. IM SnCI2  1.2 a !ew s-mall :.

0. 1M Na 3 PO 4  860 general corrosion, largepits

blank 955 general corrosion, large
pits

ZN H 2 SO4  0. IM K 2 Cr 2O 7  68 general corrosion, fine
pits

0. IM Nal 220 uneven pitting

0. IM PbCl2  178 uneven pitting

0. IM SnC12  Z. Z no pitting

0. IM Na 3 PO 4  530 genera. crros:•n,

mediur. -size pits

blank 3Z5 general ccrrision, large
;krii nh. -. ize pits

ZN citric 0. 1M K 2 Cr 2O 7  42 fine pits

0. IM Nal i33 medium pits

0. IM PbClZ nil no corrosion



t TABLE VM (cont.)

Acid Added Weight Loss Remarks

Inhibitor - in mg / cm. 2

0. IM SnCl- nil no corrosion

0. 1-M Na 3 POI 81 fine pits

blank 99 fine pits

ZN formic 0. iM KZCrZO7  89 fine pits

0. AI Nad 71 20 Wngediu pssits

0. ! Y PbClb 0-5 no pitting

0. IM SnCl2  nil no ccrrosion

0. IM Na 3 PO 4  53 very fine pits

20ank medium pits

2Nfri .I I~278 iept

0.I a 1I) adu•pt



Corrosion in Organic Acids. Results are summarized in Table I"

for experiments carried out for 3 hours in ZN acids containing 10- 3 M added

Group 'ViH metal. Table X summarizes similar experir.ents i'r an immersion

time of Z4 hours and includes results for Aistil!ed water and ZN sodium c','ride

solution.

Rapid rates of corrosion were obtained in malic, formic. citric. and

acetic acids and a low rate of corrosion was obtained in ""ýalic acid. The

latter result is presumably attributable to the low solubility o! ferious oxalate.

TABLE IX

The Effect of 10- 3 M Gruup VIII Metal Ions on the Corrosion of Iron in
ZN Organic Acids

Total immet-'on time: 3 hours Corrosion rates listed in mg. Fe/cm. 2 /hr.

Metal Ion Malic Formic Oxalic Citric Acetic

Blank 0.066 0.15 neg. 0.026 0.053

Co 0.033 0.14 neg. 0.79 0.04

Ir 1.8 1.6 neg. 1.5 1.4

Ni 0. 039 0. 18 neg. 0.079 0.079

0.50 0.60 neg. 0. 32 0.29

4.3 3.9 neg. 3.6 1.2

RI. 3i 2. R neg. 13 6.4

R, 0.2.8 3.16 neg. 0. Z7 0.5

Pt 21 •0 ,.9 i• ".5

ads
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In general, it will be noted that platinum, rhodium, and palladium were most

effective, iridium, osmium, and rutherniu, were of intermediate effective-

ness, and nickel and cobalt were relatively in-ffeccive. These resets agree

in a qualitati e way with !hose obtained previously at the bolling point in

0.2M citric acid (1).

TABLE X

The Effect of 10- 3 M Group VWI Metal Ions -n the Corrosion o' Iron in
2N .'-ganic Acids, Distilled H 2 O and ZN NaC1

Total immersion time: 24 hours Corrosion rates listed in =g. Ft!!cm.Iz1hr.

Distilled Sodium
Metal Ion Malic Formic Oxalic Citric Acetic Water Chloride

Blank 0.045 0.11 neg. 0.040 0. 1Z neg. neg.
Co C_ 053 0.10 neg. 0.032 0.032 0.006 0.001
Ir 2.2 1.8 neg. 1.6 1.9 0.017 0.014
Ni 0.042 0.35 neg. 0.052 0.07 i 0.010 0.010
Os 0.56 0.60 neg. 0.66 2.5 0.046 0.042
Pd 2.8 2.2 0.057 2.4 1.8 0.047 0.017
Rh Z0 1.7 0.048 5.5 2.0 0.050 0.0z
Ru 1.7 0.40 0.070 1.7 1.1 0.039 0.027
Pt 5.1 12 0.090 4.6 3.0 0.12 0. 045

The fastest corrosion rate (31.4 1mg. Icm.Z/hr.) was obtained in

i=-i.xc acid containing 10- 3 M rhodium. 1 he second faste-t corrosion rate

v-..9 mg. Icm. 2?hr. ) was obtained in fPrnic ac-d containing 10-3 M platinum.

The great accelerzticn of t!'c corosion ~ l~nnmb- mercury

_.ggested that it might be auvxs;.ble to I-.--ermine if the presence of both a

platinum metal and mercur s in sci-L.r. •.-;.uld accel.:rate the corrosion of

iron over and above tlat obtained in the pi esence of the :atinum metal alone.



A series of experiments to test this possibility is summarized in Table eU.

The presence of mercury decreased the effectiveness of platinum in maiic,.

formic, citric, and acetic acids, as might be expected iince mercury is a

well-known poison for the hydrogen evo!.ution reaction. In malic acid, li -

ever, the effect of platinum plus mercury was slightly greater th;.n the .t.J,'l

of platinum alone.

TABLE XI

The Effect of 10-3 Pt+4 Ion and/or 10-3M . g42 Ton on the Corrosion
of Iron in ZN Organic Acids

Total immersion time: 3 hours Corrosion rates listed in mg. - . 27,.hr

Metal ion MAic Formic Oxalic Citric A.etic

Blank 0.066 0.15 neg. 0. 026 0.053
Pt 21 30 0. i9 16 7.5
Hg neg. neg. neg. neg. neg.

Pt + Hg 25 9.0 0.19 11 5.2

The Corrosion of Iron in the pH Range of 4-10. A series of experi-

ments was carried out to determine the effect of pH on the corrosion of iron.

Uh--lig (31) hs already made experiments of this type, but it appeared advisable

to -eproduce these results as a pr tliminary to experiments of another type.

ir - -s felt that future experiments might be carl ied out in an effort to find an

ag-nt wbhich was active ir. promoting lhe _crrosio. -, irn r ý: .- oderate pH's.

SSpecifically, it was considered 2os.ible that a: agent might be found that

wculd pre:mote the dissolution of ". b-: in the same way that mercury

salts promote the corrotzcz. of aluminum hy water.
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Measurements were carried out on cylindrical iron samples, 7.5 cm. 2

in surface area, and polished in the commercial chemical polishing reagent,

MirroFe. The samples wer._ exposed tc 100 mi.! of a qu2escent solution for

72 hours in a water bath thermostated at .0*. A plH range of 4-6 was obt...ed

with mixtures of KHC8 H4 0 4 and NaOH; a range of 6-8 was obtain"'-d .".ih

mixtures of KHZPO4 and NaOH in one case and mixtures of CH2COOH and

CH3 COONa in another case; and a range of 8-10 was obtained with mixtures

of H3 BO 3 and NaOH.

The losse. in weight of the samples are summrnarized in Figure 10.

Active corrosion oi the samples began at pM 6 and increased in amount with

decrease in pH. Active rusting began at pH 7.8 with the formation of a

reddish-brown coating. Above pH 8.45 the rust had both a brown and green

appeara.ce. In the intermediate range of pH 6-8.4 the samples retained their

bright appearance particularly in the case of the solutions buffered with phos-

phate.



Figure 10. The corrosion of iron in water at pH's of 4-10.
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RESULTS WITH ALUMINUM

Five standard aluminum alloys and two samples of pure aluminum

were exposed to ZN HCl, HNO 3 , and H 2S0 4 containing 10- 3 M mercury,

indium, rhodium, or thallium ions and various mixtures of these. The pur-

pose of these experiments was twofold: (1) to determine if other ions ,-eie

as effective as mercury in accelerating the c(.rrosion of aluminum and (2)

to determine if mixtures yielded any synergistic a.rnon.

The results obtained with HCO are summarized in Tables XII and XIII;

the results obtained with H 2 SO 4 are summarized iu Tabl. X-tV- and the re-

sults obtained with HNO3 are summarized in Table XV.

Results in ZN HCl. In all but two cases the corrosion rate waa greater

in the presence of mercury or rhodium ions than the blank rate. The largest

increase in rate was observed in the case of 99.999% pure aluminum. Ad-

ditions of small amounts of indium or thallium ions resulted in corrosion

inhibition, except in the case of type 7079"-T6 alloy in the presence of indium.

Synergistic action was observed in four instances as denoted by the

aste.risks. Only in the case of the 99-999% pure aluminum was the effect

grea" enough to be certain that it was outside the ability to reproduce ex-

- .ental results.

A sur--narv o! all the experinient ca-ried out on au. aluminum in

"ZN HIC are summarized in Table XII. It will be aoted that the most effective

single add-;.n was ruthenium. T.isis i.•. ".eement with experiment. re- I
sults published previously on the corrosion of pure alu-ni --*m in boiling ZN

HC! (11
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I

TABLE XiL

The Effect of Various Metal Ions (10- 3 M) on tme Corrosion of AIum.inum
Alloys in ZN HCI

Total immersion time: 1. 5 hours Corrosion rates listed in mg. Al/cm. Zrniin.

Alloy Blaixi Hg In Hg&In Rh Rh&Hg Rh&T,- rl Tl&Hg

E. C. Hill 0.29 3.0 0.001 1.4 1.7 2.1 1 . I.10Z 0.003

7079-T6 2.9 3.2 3.9 Z.8 4.0 3.6 3.5 ,.3 1.5

5456 3.4 3.5 2.2 2.4 3.0 3.6 3.3 1.5 2.3

360 !.3 1.1 0.19 0.16 Z. 5 2.5 2.5 0.25 0.025

6101 0.28 1.4 0.002 1.0 1.5 2.0 1.8" 0.011 0.022

Z014 2.4 4.7 0.12 0.41 3.3 3.4 3.4 0. Z 0.54

R-5-9's 0.001 0.30 neg. 3.4' 1.2 3.3 1.3 neg. 0.36*

Sr,; , ll



TABLE XmI

The Effect of Various Metal Ions (10-3M) on the Corrosion

of R-5-9's Aluminum in ZN HCL

Total immersion time: J. 5 hours Corrosion rateslistedinmg. Al/cm.-mirn-.

Metal Ion Corrosion Rate

Blank 0.001

Pt 0.41

Pd 0.30
06 0.10

Ir 0.090
E -t0.0091

Co 0. 001

Ni 0.004

Ru 3.3

Rh 1.2

Cu 0.26
Hg 0.30

In neg.
"Ti neg.

Ru&Rh 3.3

Ru&Hg 1.2

Ru&In 3.2

Rh&n 1.3

Cu&Ru 3.4

Cu&Rh 1. 6*

Cu&Hg 1. 1*

Cu&In 0.086
Fjg&n 3.4*

Hg&Rh 3.3*

Hg&TI 0.36'

I
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TABLE XIV

The Effect of Various Metal Ions (10-3M) on the Corrosion of Aluminum
Alloys in ZN HzS0 4

Total immersion time: 1.5 hours Corrosion ra-. isted in mg. Al/crn. z/min.

Alloy Blank Hg In Hg&In Rh Rh&Hg R12&In

E. C. Hill neg. 0.37 neg. 0.37 G. CZ9 0.001 neg.
7079-T6 neg. 0.23 neg. 0 10 neg. re5. neg.
5456 neg. 0.61 neg. 2. 1 0.14 0.012 0.005
360 neg. 0.039 0.001 0.051 0. G00 0.001 0.002
6101 neg. 0.34 neg. 0.71 ) 9.040 0.004 neg.
Z014 neg. 0.11 0.001 0. C-8 0.002 0.001 0.002
R-5-9's nm. '.Z3 neg. 2.0* 0.031 0. 0ti neg.

TABLE XV

The Effect of Various Metal Ions (10-3M) on the Corrosion of Aluminum
Alloys in ZN HNO 3

Total immersion time: 1.5 hours Corrosion rates listed in mg. Al /cm.Zfraxia.

Alloy Blank Hg In Hg&In Rh Rh&Hg RhkIn

E.C.Hill neg. 2.8 0.001 i.2 0.001 0.00 0.002
7079-T6 neg. 0.096 0.001 0.13 neg. 0.002 0.002
545o neg. 0. 045 0.003 0. 20* 0.002 0. 003 0.003
36", neg. 0.076 0.003 0. 10 v, 007Z 0.0 01 P. 003
610l neg. 3.0 0.001 1.0 neg. 0.0OZ 0.00O
Zoiu4 neg. 0.029 0.004 0.055 0. 0;Z 0.003 0.003
R-5-1 's neg. 0.99 neg. . 3 U. ,01 i&. 002 0. 0R

t.u
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Results in ZN H 2 SO 4 . In general, the aluminum alloys were much

less susceptible to corrosion in HZS0 4 than in HCI. Additions of mercury

ow rhodium ions increased the rate of corrosion duf all al'ys. The largest

increase in corrosion in :. system contain'-.g only a single additive was ob-

served with the 5456 alloy in the presence of mercury ions. Indi:,. .. !--ns

alone appeared ineffective. Three cases of synergistic action vere noted.

all with mixtures of mercury and indium ions. The grcaý..-t synergistic

action took place with the high purity aluminur where there was a ±0-fold

increase over the r-dded rates in the presence of mezc., y and indium ions

alone.

Results in 2N HN-O3. The purer aluminum samples (R-5-9's, E. C.

Hill. and iype 6101) were particularly susceptible to attack in HNO 3 in the

presence ol mercury ions. However, indium or rhodium ions, indium p:us

rhodium ions, and rhodium plus mercury ions were less effective in HNO 3

than in HCI or H2SO4 for all alloys. Synergistic action, as noted by the

asterisks in Table NUV, was observed in two cases.

Res,•ts in distilled water and ZN NaCI. A few experiments, s-

Sr.-- ". Tables XVI and XVII, were carried out in distilled water and ZN

NaCl -n the presence of mercury and indiur, ions. The zxrrosion rates were

ver;" _ow c-mpared to the rates in the m ineral acids Iathey -.-zre still ar-

preciable. For example, tkht l(-5-9's alumrzum ,.hibited a corrosion rate

of 0. 020 mg. 1cm. /lmin. in the presence o,. : -3M each of -- ercury and in-

dium. This rate is equivale-i .o a weight loss of Z9 mg /cm.?- during a 24-

hour period
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TABLE XVI

The Effect of 10- 3 M Hg*z Ion and/or iO03 M In÷3 Ion on the Corrosion of
Aluminum Alloys in ZM NaC1

Total immersion time: Z4 hours Corrosion rztat_- listed in mg. Al/cm.Zlrmin.

Alloy Blank Hg In H& _7

E. C. Hill neg. 0.017 neg. O.0C5
7079-T6 neg. neg. nzg- 0.001
5456 neg. .eg. 0.003
360 neg. neg. neg. 0. ,401
6101 ,,eg. 0.019 neg. 0.005
2014 -.eg. neg. re.r. 0. no l
R-5-9' s neg. neg. nLg. ni.s.

TABLE XVII

The Effect of 10-3M Hg+÷ Ion and/or 10- 3 M In3 Ion on the Corrosion of
A~uminum Alloys in Distilled Water

Total immersion time: 24 hours Corrosion rates listed in mg. Al/cm. Z/min.

Alloy Blank Hg In Hg&In

E C- Hill neg. 0.009 neg. 0.006
7 Z7 -T6 neg. 0. O0z neg. 0.005
5" mb neg. 0.003 neg. 0.008
36r, neg. neg. neg. 40. 00A
.- OJ neg. 0. 0zz neg. 0.019

4 neg. ng. -eg. 0. 001
R---9es neg. 0. n'8 ne-. 0.020
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The Effect of Tenperatre on the Corrosion of Aluminum in ZN HCI

in the presence of Mercury andlor Rhodium. These measurements were

carried out on cylindezs of go.999% aluminum each ex-.-osin 5-b cm. 2

Constant temperature was maintained by ineans ot a thermostated water

bath. Mercury and rhodium chlorides were added to a concentx -tios- of

10- 3 M each. The amount of corrosion was determined by weight loss

measurements.

Measurements made in ZN HCI contai-. ng 10-3M Hg(U%. are summa-

rized in Table X'III. Measurements made in ZN RM1 containing I0-3M

Rh(WI) are summarized in Table XIX. Measurements made in 2N HCI con-

taining both 10- 3 M Hg(U1) and 10-3Ml Rh (UI) are summarized in Table V.

TABLE XVIII

The Corrosion of 99.999% Aluminum in ZN HCI Containing
0- 3 M HgClz (All Values in mg. 1cm. Z)

Time in Temperature in *C.

ain•tes 10. zo0o 3o 40- So. - 70" 80-

--- --- --- 1.5 8.1 10.5

10 1.9 b. 8 3. • !;- 3 zZ.1

15 11.8 13.9 4. i 14.4 15.9 34.3 35.1



TABLE XIX

The Corrosion of 99.999% Aluminum in ZN HCi Containing
10- 3 M RhC13 (All Values in rmg. icrr. 2-

Time in T~rnfp~i ati.: C -""4O.
minutes 0° 0 30° 40° :00 6o' 70' 80'

5 75 93 10Z 107 105 ill 96 130

10 113 1M7 131 123 1i• 118 108 93

15 143 150 143 1ZO 130 110 105 91

TABLE XX

The Corrosion of 99. 999% Aluminum in ZN HCl Containing
10-3M HgClI and 10- 3 M RhCi 3 (-All Values in mg. /cm. Z)

Time in Temnerature in 'C.
minutes d, zO 30" 40" 50" 60° 70° 806

5 39 51 63 55 75 101 70 119

10 108 84 100 88 130 114 168 125

15 8b i11 182 108 125 142 154 130

The Effect of Stress on the Rate of Corrosion of Aluminum in ZN HCI

in s'-.- Pes.•ace of Rhodium andlor Merc_.-:. The 1-ates " corrosion of

aix-__ inumn in hydrochloric acid in the presence of rhodium alad in the presence

of rhc-diuin. and mercury were s- hig-h -- appeared L--iabtfil t&.• the intro-

ducti-n of szress into th.• sampLcs -. ou' I ra--e any appreciable effect on the

corrosion rcae. It appearec :dv-isable nzne-.eie-s tn tc:;. -.his ossibiiity.
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Samples of 99.999% aluminum were cut from rods in the form of

cylinders, 1/2" in diameter and somewhat greater than 1/4" in length. The

length was so chosen that a controlled degree of stress would be introduced

into the sample when it was compressed -, 1/4" in length. After macnini-b

to shape, the samples were lightly etu.hed in NCI and were then is-' .ai

6O0*C. for Z4 hours in order to remove stresses previousiy introduced in

the fabrication process. The samples were next compressed in a purch

and die assembly so that they were reduced ir size Z. 8. 4.7, ;. 5, 9.0, 10.7.

13. 0, 16.6. and - C. 0c. Weight loss measurements were made at 10, 20, 30,

40, 60, and 80* in ZN HCO containing the additive. The results obtained in

the presence of 10- 3M rhodium are given in Table XXI; those in the presence
of 10- 3 M mercury are given in Table XX•-; and those in 10- 3M rhodium plus

:0- 3 M 1n.arcury are given in Table XXII.

- I



a-7.

TABLE XXI

The Weight Loss in a 10-Minute Period of Stressed
99.999% Aluminum in ZN HCl Containing 10-3M RhGI-.

(All Values in rmg. rcm. Z)

Stress - Represented as % Temperature
reduCtion in sample thickness

O" 20" 30" 40" 6f" 80"

0% 12? 11!

Z. 8 'Z7

4.7 14Z

6.5 125

9.0 1Z6

10.7 13Z 108

13.0 113 121

16.6 133

20.0 !11 117 97
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TABLE XXII

The Weight Loss in a 10-Minute Period of Strcssed
99.999% Aluminum in ZN HCI Containing 10-3M EgCG'

(All Values in mg. /cm. 2)

Stress - Represented as % Temperature
reduction in sampde thickness

100 20" 30' 40* '0° 80'

0%r 1.2z

2.8 5.3

4.7 12.6

6.5 3.8

9.0 0.4

10.7 z.6

13.0 4.7

16.6

20.0 5.0
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TABLE XXxfI

The Weight Loss in a 10-Minute Period of Stressed 99.99-N
MAuminum in ZN HC1 Containing 10- 3 M RhC! 3 and i_- 3 M HgClz

(All Values in mag. ;cm. Z)

Stress - Represented as % Temperature
reduction in sample thickness

I0" 2. * 30' 40e 60* 80s

h% 155

2.8 64

4.7 124 136

6.5 113 162

9.0 84 135

10.7 108 93

13.0 82 135

16.6 107

zo. 0 125

im mm l i m ll IIm l l m I mmmlmm
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RESULTS WITH COPPER

Corrosion in lM HzSO 4 in the Presence of 10-4M Grcuiu VIII Chloride.

The results of these experiments are summarized :a Table XXIV. In all -- ses

the rate of corrosion was slightly greater than that o! the blank, but in 7-- case

was there a large rate of corrosion. The increased rate over the blank is probably

a result of the dissolution of a small amount of copper b-- a metal replacement

reaction.

Corrosior i-.:. IM H2SO4 in the Presence of 10- 3 M Group Vin Chloride.

The results of these experiments are summarized in Tabje XXV. In :' care

was a large rate of corrosion observed. In all cases the presence of the Group

VTI chloride .-u the acid caused a slight increase in the rate of corrosion.

C', rrusior. in ZM HCQ in the Presence of 10-3M Group VIII Chloride.

The results of these experiments are summarized in Table XXVI. In no case

was a large rate of corrosion observed. In all cases the presence of the Gro-.o

VIII chloride in the acid caused a slight increase in the rate of corrosion.

Cor 7ion in ZM HNO_ in the Presence of 10- 4 M Group VII Chloride.

The results of these experiments are summarized in Table XX)MI. The copper

cor.:..:ed, as is well known, at an apprecaable raVe ". thc ZA HN0 3 ;-- the ab-

seu-.e of any additive. In all cases the presence of the Gr'uv VIIi chloride

reducad the rate. with the eifec••ve degree .. i inhibitio= iecrea&ing in the order:

Pýi. t. Rh, Ru. Co. Ir. Os. Ni.

With Lhe exception of I•ii experiments od-th -d-ii'ion- of palladium or

platinum, the corrosion rate increased -rith tinm. This pe.-omenon is well

!
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known and has been attributed (4) to the catalytic effect of the nitrogen oxides

which are a product of the reaction.

Corrosion in 2M HNO3 in the Presence cf 10- 3 M Group VIII Chloride.

The results of t-hese experiments are surf.:.-arized in Table XXVIII. Palle-64-m,.

platinum, rhodium, cobalt, and nickel additions were effective ia de,-reas.jz

the rate of corrosion. Iridium, ruthenium, and osmiuri additions reduced the

corrosion rate slightly but to no major extent. No cascs -mere found in which

the corrosion rate was increased.

TABLE XXIV

The Corrosion of Copper in IM H 2 S0 4 at Room Temperature in the
Presence of 10- 4 M Group VImI Chlorides

Group VIII Chloride Average Corrosion Rate over a
24-Hour Period (mg. /cm. 2 /hr.)

Co 0.014

Ni 0.017

Ru 0.014

Rh O.02Z

Pd 0.Oi8

Os 0. 019

Ir 0.Oi7

Pt C. 021

_lank el ý.37

S ' '' ' ' • -•"" - ' I "• I I I I I P I I• i _
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TABLE XXV

The Corrosion of Copper in iM H 2 S0 4 at Room Temperature in the
Presence of pC-3 M Group VII Chlorides

Group ViII Chloride Average C'.rrosiu- Kate over a
24-Hour Period (mg. / m. 2?hr.)

Co 0.010

Ni 0. 01

Ru 0.016

Rh 0.014

Pd 0.045

OS 0.017

Tr 0.013

Pr 0.035

Blank 0.006

TABLE XXVI

The Corrosion of Copper in ZM HC1 at Room Temperature i- the Pre-
sence of 10-3 M Group VII Chlorides

Group VIII Chloride Average Corrosion Rate over a
24-Hour P-triod (mg. /Ic. 2 Ihr.)

Co 0.029
Ni 0-026

Rh C. 056
Pd . 334
Os ~ ;

Pt 0.077
Blark 0.!121
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TABLE XXVII

The Corrosion of Copper in 2M HNO 3 at Room Temperature in the
Presence of 10- 4 M Group VIII Chlorides

Group VIII Chloride Corrosion i- mg. /cm. 2

1 Hr. 3 Hrs. 24 Hrs.

Co 1.1 5.0 i4

Ni 1.0 5.9 246

Ru 2.0 2.8 130

Rh 0.2 1.3 45

Pd 0.1 0.4 0.8

Os 0.7 5.0 238

Ir 0.8 4.7 160

Pt 0.8 2.i 19

Bla.n: 1.6 9.5 247

TABLE XXVIII

The Corrosion of Copper in ZM HNO 3 at Room Temperature in the
Presence of 10- 3 M Group VIII Chlorides

Group VIII Chloride Average Corrosion Rate over a
24-Hour Period (mg. /cm. 2 /hr.)

Co 0.014
Ni 0.014
Ru 6.1
Rh 0. "62
Pd 0. 644
Os

ir
i-t I

Blank 9. 3

III
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DISCUSSION

The great effectiveness of the more noble Group VIII metals in acceler-

ating the corrosion of iron in HC', H 2 SC 4 . ant: 4 organi- acids has been amply

demonstrated in these experiments. Under the conditions used, the rate in the

presence of platinum was as much as 1000 time- that of the blank. it has bee..

known for many years that contact of a less n~oble metal -dth a low hydroge-n

overvoltage metal, such as platinu-m, causes a great increase in the dissolution

rate. This increase is attributed to the iact that the cathodic hal; :re-ction -

the evolution of hydrogen - proceeds at a faster rate cn the second .netal.

Since the cathodic reaction is rate determining in many c-.ses, acti- .tion of the

cathodic reaction leads to an increased anodic reaction rate. Thus, the Group

VII metal accelerates the overall dissolution reaction by virtue of being a good

.:z.talyst f,,r the hydrogen evolution reaction.

The relative activities of the GrouyVlr chlorides in z ccelerating the

corrosion of iron in the eight media studied are summarized in Table XXIX.

It will be noted that platinum was the most effective, rhodium, palladium,

iriaiumr and ruthenium were of intermediate effectiveness, and osmium, cobalt,

anc :,;of-el were least effective. This rel-_ti-,e effectiveness agrees well with

experi,--tents carried out with iron in boiling 0. ZM citric acid, and cobalt and

nickel :1n boiling 2M HCL. (I) In these excr'-:.s the less nobte rnetal wca

coupled to a cylinder of the plat-•m.nu mtr.- cf equai surface area. The rela-

t.:e effectivene-ss in those experinen .. was -'-. '-(e decreasing order: plazinum,

;alladium, rhodium, and iridlTzn.
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TABLE XXDX

The Relative Effectivene~ss of the Group VIII Elements in Accelerating
the Corrosion of Iron in Acids at Room Temperature as Determined

from I- and 3-H-our Runs.

2M HC1 IM HCl IM HzSO4 0.5SM HS04 ZN Malic 4--N Formic ZN Citric 2N Acetic

Pt Pt Pt Pt D. h Pt PtPt

Rh Rh Ru Rh Pt Pd Rh Rh

Pd Pd Rh Pd Pd Rh Pd Ir

Ru Ru OS Ru *Ir Ir Pd

OS Ir Pd Ir OS OS C o Ru

Ir OS Ir Os Ru Ru OS OS

CO C o Co, C o Ni Ni Ru Ni

Ni Ni Ni Ni C o CO Ni Co,

Average Relative Effectiveness in Eight Media

Platinum.- 63 points*

Rhodium - 55

Palladium - 46

Iridium - 35

Ruthenium - 34

Osiniurr. - Z

Cobhalt - 15

Nickel - 1.

*-Giving 8 points for mn-r active, 7 for 2nid rnost acih"-.- etc.
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it appears likely in many of the experiments with platinum additicas

that diffusion of reaction species to the surface or diffusion of 1orodlz~ts

away from the surface may have been rate limiting. A~s showrn in Table I

for example, six of the mixtures yielded -weigh. less in one hour of 165-

179 mg. 1'cm. 2 Presumably the ra-tes could have beer. increased bevc;'nd t:ic

range by increasing the rate of diffusion by agitation of the solution.

The most severe tvpe of corrosion of iron was n~evdin the case

oi mineral acids, iO 4 M added platinum, and sndiumn iodide. Pitting of the

samples was very tere- + and, in the case of the sarnnlc in ZM HCl. complete

perforination occurred. Pitting was also observed in other systems Anvolving

both an activator, such as platinum, and an inhibitor such as NaIPO4 .

All the aluminum alloys exhibited high rates of corrosion i' HCI in the

13resenc,. .-I (a) rnercury, (b) rhodiumn, (c) rhodium plus mercury, and (d)

rhodium plus indium. Rutheniumn was also very effective in accelerating the

corrosion of pure aluminum in HCL. Experiments with this additive were not

carried out with all the alloys, however. Additions of mercury alone, or

mercury pli'-- indium, were effective in causing a rather high rate of corrosion

in water or sodium chloride solution.

The experiments summnarized in T.-bies XVL::Iroug X-XMI indicate

that -..-rre-Usure and degree of stress dit.1 nnot have a ve-ry gr,:t -ffec" on the

rate oi corrozsion ir. the preseiace of accelerz ting additi-.cs such a4 mercury

andT ircdium These resulIts supportu te it-.t :hat the rate i.corrosion. urnder

the conditioni used was depend-;. t torima---iy upon mte i~z-e c-i diflusion of
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reactants to or products away from the site of reaction.

No evidence was found for an appreciable increase in the corrosion

rate of copper in the presence of discoived Group VIII transition metal

chlorides. This result is to be expected .-ince the Group VIII metals are-

effective in accelerating the corrosion rates of less neble metals by -vd=-; -

of their ability to catalyze the cathcdic hydrogen evolution reaction. In the

case of copper, the reaction Cu + ZHX = Cu++(aq) + Hz7g( i ŽX-(aq), is un-

favorable from a thermcdynamic point of vicw in the presence of minute

amonuts of hydrc-•en c.--. C'. the other hand, reac:-ors inv,;lving the

scavenging of hydrogen by oxidizing agents, in which the prcduct of the over-

all reaction is not gaseous hydrogen, are favored from a thermodynamic

viewpoint. Ln the absence of hydrogen evolution, th,_ platinum metals would

not be e•.r-tet to be effective catalysts for the dissolution reaction.

The most inter..sting results are those shown in Tables XXVII and

XXVm in which appreciable .nhibition of che reaction with HNO3 was observeco.

Limiting the analysis to the inert platinum metals, it will be noted that the

effecti'-ene. .-f these metals in inhibiting the corrosion in H.O 3 may be

described as follows:

Eff--ctiveness in Inhib:ting the Corrosion in
ZŽM HNO 3 at Z Concentrati,-n- of :tl Pt Metal

r, -4%.1 -S

Goo~d Inhibitor Pd, Pt. Rh
Poor:-ate Inhii-ltor Pt, '. " ,. Ie
Poor Inhibiir- .uLtz, :a Ir Os

I I'l IIli ' i !!"! i r -. ;IN
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At both concentrations, palladium was the most effective inhibitor,

followed by platinum and rhodium. Ruthenium, iridium, and osmium were

only slightly effective In previous studies carried out in this laboratory (5)

it was hypothesized that good inhibition 'f the a.ocic reaction was c.ite, -

tai-ed in reactions with boiling acids under conditions where thp i.-.

metal had an appreciable solubility in the corroding metal. For example.

poalladium is an excellent inhib.tor for the corrosion o.i zi!ver in constant-

boiling HCI and c,,pper is an excellent inhibiivr ior the corrcosion of nickel

in boiling ZM HCI- Palladium-silver and copper-r!ic<zl form solid solutions

over the entire range of concentration. In the systems used in the present

study. the phase diagrams of the copper-palladium and copper-platinum

systems in-.Lzate complete solid solution over the er:ire concentration range.

In the cc _ pei-rzc, dium system, the solubility of copper in rhodium is of the

order of 20 atomic % at room temperature. On the other hand, ruthenium.

iridium, and osmium have little or no solubiity in copper (6). It is not

desired t-- pursue this analysis too far at the present time until additional

critical ex---iments can be performed.



BIB iOGRA PHY

(1) W. Roger Buck, Mi, and H. Leidheiser, J_., Corrcsion 14, 308
(1958).

(2) W_ Roger Buck, F., and H. Leidheis-r, 3.: . N:.ture 18i. 1681
(1958).

%3) H. H. Uhlig, Corrosion Handbook. John Wiley and Sons, p. -. 9
(19483.

(41 U. R. Evans, The Corrosion and Oxidation of )6,=tals, Edward
Arnold, Ltd., p. 326 (1960).

(5) H. Leidheiser, Jr., and W. Roger Bt- k. UIL, -:Contrijrations to an
Understare.-ig of Corrosion Inhibition through Experimeni with
Metallic Cations," a paper presented befor# the Association of
Corrosion Engineers in Dallas, Texas, Mar.,h, 196&.

(6) M. Hansen, Constitution of Binary Alloys. McGraw-Hill Bcok Co.,
(1958).



PART C

-?The Rapid Corrosion of Metals at Room Temperature iv-

the Presence of Hydrogen 5ulfide, Various Salts, and
Water Vapor"

By

W- Roger Buck, Ill. and Henry Leidheiser. Jr-



ABSTRACT

Copper. nickel. iron. cad-nium, tin, and zinc were rapidly co-ro.-ded

at room temperature in contact with AgNO 3 in er anic--,here of H 2S and

water vapor. Copper was also t-apidly corroded in -.he presence of Hg{N0 3 ) 2 -

H ZS. and water vapor. At low concentrations of AgNO 3 . the -kight loss of

copper and nickc- It1'e other metals were not studied) was appre,-iably greater

than could be accounted for on the basis of an oxidatiýon-reducti,- - . in

which the nitrate ion was converted to NO.
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INTRODUCTION

The broad purpose of the experimental program covered in this r_:port

was to make studies of systems of metal plus envirtnrr.ent in which very rapid

deterioration of the metal occurs at room temperature. Other portions of

this report are concerned with the effect of liquid meials, on the cra.:king z,-1

oxidation of metals, the effect of mercury salts on the oxidation of aiuminlu:.-i,

and the effect of platinim metals in accelerating the disbolution of metals in

aqueous solutions This portion oi the report is concerned W.& -he effect of

a gaseous compound, hydrogen sulfide, in accelerkti'Ig corrczion.

It is well known that hydrogen sulfide has the effect of incr-'sing the

rate of oxidatio.n of copper. The initial motivation for the experiments was

to chooce a s.stern baied on copper and hydrogen sulfide at room temperature

for quantitative investigation. As the work pi ogressed, it because apparent

that many solid salts were extremeiy corrosive to a number of metals in

short periods of tine in the presence of hydrogen sulfide and moist air. The

experiments reported herein are thus r- preliminary apprxisal of the effective-

ness of hydrogen sulfide in accelerating the corrosion of metals at room

t%-ir-erature in the presence of vari-us -ý.ts. Quantitative. more sophisti-

caird experiments were not carried out because -he contract was terminated

as , tese e-p0rn-ernt_.c wrt- to begin. 7-h. z, -.od for such qua itative expe:-

naents will be apparntztz t-0--t- P.:-rt z=rezd.



EXPERUMENTAL PROCEDURE

The metals used in this study were the same as tho-t- descx ibec -n the

section concerned with deterioration -if metais in th,: p: ..•ace of liquid metals

(Fart A). The metals were used ir- the form of cyhnders. 3 Y 8 to III

diameter. They were degreased after machining and were etchea imif.t.-1eiy

prior to use in 6N hydrochloric acid or c.-i'te nitric acid.

All experiments were carried out in a plastic reaction chamber.

12I x IZ" x 5-1I411, which was equipped vth a fan for keeping the atmosphere

in continuous m-o.•tion. A relative hurnidity of iC• -ras maintained by means of

a tray of water placed immediately below the ian. Hydrogen su~fide was

generated by immersing small pellets of NaS in acetic acid. The partial

pressure of hydrogen sulfide in the moist air was not controlled but its aver-

age va~ue during the period of the experiment was estimated to be of the order

of 150 num.



EXPERIMENTAL RESULTS

Experiments with Copper

The rapid rate of corrosion of copper in tLze presence of a mercury

salt, lbS. and moist air is shown by -.he resui.ts --n Table 1. It next ap.-":_red

of interest to determine if all three constituents were necessary for this

rapid corrosion. As shown in Table ]I the copper sam, es exposed to a

mercury salt and water vapor at 100% relative humidity did not exhibit any

appreciable corrosion. in all cases the samples gained in -. eig'bt as a re-

si'lt of amalga_-- -:ion. Table MI shows a similar set of experinments in

which the samples were exposed to mercury salts and HzS for "-C s :r.

an atmosphere which had been freed of the major amount of water vapor by

drying wiLL zhe absorbent, calcium chloride.

i-.s next of interest to determine if simultaneous attack by the

mercury salt and hydrogen sulfide was necessary. In order to tz..;t this point

copper samples were thoroughly amalgamated by covering them with either

HgSC4 or Hg(NO 3 )Z and the samples were then transferred to the -eaction

chamber -!-ere they were exposed to HS vapor at 100% relative humidity

f2 ZZ hours. It will be noted frcm Table IV that weight losses of only 3 to

z' :no- w•re observed under these cons-: ;on-.

The effectiveness of Hg(NO 3 1, in 9-r-oting the cozros2in of ccpper

suggestd that other metai!ic nitra:,c.-d be inve- igated. ,'abie V

sirnmarizes the rest.ts "- buined ';;.-- -,eries of metal nitrates. it will be

nozed that AgNO3 was by !--7 m oe -nobt icd-t i.. ir. sev-rC cc• rosior.

of copper.



- i
TABLE I

The Corrosion of Copper in Contact with Mercury Salts in
as Atmosphere of HZS at 10I% Relative Humidity

Mercury Salt Loss in Weight of Copper jin mg.)
(Unweighedl I Hr- 3 Hrs. 6 Hrs. ZZ Hrs. 70 11r::

Hg(NO 3 )7- H.O -1z 86 129 1 , i
188 (k.) 139 , Z 1i

125 (40) 136 !69 404
(41) 47 '1337
31 16
21 17

16 z0
12 36
(8)
87

HgSO4  7 33 32 72 25
10 22 20 74 40

Z4 4Z 69 28

115 127

Note - X .luts ir. parenthesis indicate that a gain in weight "aa-c obscr-.ed.

TABLE ii

The Corrosion of Copper in Contact with Mercury Salts
at 100% Relative Humidity

Mercury Salt Wci: *11 - .,1 C *-r
(Unweighed) in TO-Hour Period (in mg.)

HgSO 4  (Z_ 0!

(IZ 7)

Hg:-N0 3 )2 -Hz0 7..)

(0.9;

Note - Values irs parenthesis. idicate that Z gaz .. s ,',4ght waS observed.
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TABLE III

The Corrosion of Copper in Contact with Mercury Salts
and HZS Vapor (Water Vapor Removed by Drying Agent)

Mercury Salt Weight Loýis, of Copper
Unweighed) in 70-1ýjt Period (in mg.

HgS04 86

94

99

Hg(N03)2'H?.o 81

83

80

TABLEIV

The Corrosion of Previously -Amalgamated Copper in an Atmosphere
of HS at 100% Relative Humidity

Sample Number Loss in Weight in
a ZZ-Hour Period (in r"g.

3

2 3

3 8

4 6

5 1

jo

7 15

8 6



TABLE V

The Corrosion of Copper in Contact with Scl;.d Nitra:es
in an Atmosphere of HZS at 100% Relati've Hum;d.dt,-

Weighi -. os- of Copper in
Nitrate (Unweighed) 23-Hour Pe--iod (i-n mg.)

NaNO3 Z3

Ca(N0 3 )7 26

NH4 NO 3  31)

Zn{N0 3 )2  31

Bi(NO3 13 5!

Hg(NO 3 )2 - HO 85

Ag-•.N73 334

399

The very large amount of corrosion obse-rved with AgNO 3 in the pre-

sence of H 2 S and water vape-=, as shlwr. in Table V. suggested that c -eri-

ments should be carried cut to dete_ mine the impc :tance of HZS. Table VI

su•nmarzi.es experiments made in the presence and absence of HzS to test

t!i- noint. The total amount of ccrresi-:n in a ZZ-hcur period was appreciably

greater in the presence of H 2 S.

The grca- effectiveness cf AgNC.- in m n. :I x nc'_-t of corro-

sion of copper in the p-ese.ce d-f HZS raised the question is :o the chemical

.cea(ions Mnat we.! tnur:inK. in _h- z,.:ce c-f HS and _n the prcs---rce of

a high water vapor concen':a-r., it might be cxpectcx' ,;% the simple "



replacement reaction, ZAgNO 3 - Cu ->-Cu(N0 3 )2 + ZAg, would occur. A

series of experiments to test this point are summazized in Table VII. It will

be noted that the theoretical weight loss of copper on the basis of this reaction

is very close to that actually observed. In 9 of 11 cases the actual loss ---- s

slightly greater than the theoretical loss, suggesting that the nitrate ioi.

might also have been effective in oxidizing the copper. It -.-as felt that the

nitrate ion might be more effective in cxidizing copper if a better source of

hydrogen ions than water was present. To this ena the experimen:s reported

in Table VU werz . ep±.ated in the presence of acetic acid vapor. The source

of the vapor was a be.aker c cznc.c..:rated acetic acid placed in tnc ze...ctior

chamber. The results summarized in Table VIII show that under these con-

ditions the t.-.oretical weight loss departs seriously from that expected on

the bas";. of a sirmple replacement reaction.

if the silver nitrate took part in the reaction in the presence of H2 S

in stoichiometric quantity, the likely reaction which might take place is the

following: AgNO 3 + 4Cu + ZH 2 S )o Ag + NO + ZCu2S + ZH2O. The re-

sults tabu!:" -d in Table EK indicate that the weight loss of copper is signifi-

cantly greater than would be expected on the basis of this type of stoichiometric

pat _:cipation of AgNO3 in the corrosion rt-zctic-n.

TABLE VI

Ttz Corrosion cS Copper in Contact wtr AkgNjOý at 140% Pe2atL±.e
Humidity in the Absence and Presence of HzS

Weigh±_ Loss in ZZ-houe P -- :d (in mg.)
Tn Absence of H2S :'wresence of HIS

35
•8 8Z

334
39-1

-3 -..
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"TABLE VII

The Corrcsion of Copper in Contact with AgNO 3 at 100%
Relative Humidity (No HzS Present)

Weight of AgNO3 Weight Loss Theoretical Weigh: Ratio of Actual

on Copper Suriace of Copper Loss on Bazis of Weight Loss to
Sim.le Replacezment Theoretical

Reaction Loss

8. 1 Mg. 1 3 5mg. 1). 87
25 5.5 4.7 1.2
53 11.5 9.8 1.2

67 14 12.5 1.1
80 16 15 1.1

99 21 18 I I
101 z0 21 1. -.
125 35 23 1.5

146 33 27 1.2
187 44 35 1.3
278 63 52 1 2

TABLE VMI

The Corrosion of Copper in Contact with AgNO 3 at 100i%
Relative Humidity in the Presence of Acetic Acid Vapor (No HZS Present)

Weight of ASN0 3  Weight Loss Theoretical Weight Ratio of Actual
on Copper -urface of Copper Loss on Basis of Weight Loss to

Simple Replacement Theoretical
Reaction Loss

42 mg. I8 Mg. 7.8 rng. 2.3
86 28 16 1.8

-zi 32 12 !.4
!i2 48 30 i. 6
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TABLE IX

The Corrosion of Copper in Contact with AgNO 3 at 100,,6 Relative

Humidity in the Presence of H2 S

Wleight of AgNO 3  Weight Loss Thtoretical Weight Loss Ratio of Actual

on Copper Surface of Copper or% Basis -A ý-.eaction, Weight L-'ss to

AgNO 3 -r 4Ca + Theoretical

ZHzS----oAg + NO+ ZCu 2 S Loss
+ ZH 0

1. 5 rmg. Z4 mg- Z. a Mg. 11

Z.1 31 3.- 9_9

Z.5 Z5 3.? 6.8

3.6 zz 5.3 4.2

5.6 25 8.3 3.0

9-1 35 14 Z. 6

9.5 38 14 Z.7

14 53 21 Z. 6

26 76 39 1.9

46 89 76 1. z

-6 103 113 0.9

111 126 166 0.8

-, - Note - The reaction which utilizes r-'.g%-C 3 
e- .n cxiuXin-r~du~tion

system and which would consuxp- the maximum amount of Cu

is the following:

ZAgNO3 + '8 Cu . 91-T--.--> ZAg + M•-1• 9C.-S + 6P.O

This reaction alone .til. fa." o account for the large a-mcount

of copper consumed :c. th •- .f snall ar.nrunts of Agx¢f3
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The appreciable corrosion caused by nitrate salts in the presence of

H 2 S raised the question as to whether the function of the H2 S simply -'as to

furnish hydrogen ions so that the nitrate behaved as nitric acid or whethcr it

also participated directVy in the reactien. In order to test this point samples

of copper were exposed to 0. 1 g. of concentrated nitric acid at 100% relative

humidity in the presence and absence of H 2 S. The results of these experi -

ments are tabulated in Table X. It will be noted that the average weight lo.s

of copper in the presence of HzS was approximately 7 times the loss in its

absence.

TABLE X

The Corrosion of Copper by Concentrated Nitric Acid at 100%
Relative Humidity in the Presence and Absence of H2 S in 22-Hour Period

,kmount of Weight Loss Weight Loss Calcd. on Weight Loss Calcd. on
HNO 3T,. I% of Copper Basis of Reaction. 3Cu Basis of Reaction, 3Cu

+ 8HN0 3 -- 3Cu(N0 3 )4 + ZHNO 3 + ZHZS
+ ZNO + H20 -4 3CuS + ZNO + 4H 0

In Absence of HzS

100 Mg. 17 mg. 38 mg.
ZO 38
21 38
15 38

In Presence of HZS

10: rng. 1Z6 mg. 150 Mg.
133 150
120 IS0
112 150
124 150
126 150

=i I [] H • !m m ~ imm mmmmmiramm am m I



X-ray Diffraction Studies of the Products Formed in Reactions In-

volving, Copper. A portion of the product was removed from the surface at

the end of an experiment, it was ground in a mortar; and was then packed in

a small capillary tube for diffraction anz-lysis. .1 X-•-ay measurements were

made using copper radiation.

(1) Copper, Hg(NO3 )Z. HIS, and moist air. in te presence of an

excess of Hg(NO3 )7, the crystalline products were HgS. CuS, and Cu(N03)i2 -

3Cu(OH)2 -

(Z) Copp- AgNO3, H2 S. and moist air. In the presenc- of an excess

of AgNO3 . the crystUl1ine products were Ag, CuZS. CuS, and C;fZO3)2-

3Cu(OH)2 . In the presence of a small amount of AgNO3 , the crybcaLline

products w. ±: CuES, CuS, and Ag. In all cases there were 10 to 17 lines

which co. Id :-o.t be associated with any compounds in the ASTM X-ray Diffrac-

tion Card File.

(3) Copper, ALNO3. acetic acid vapor, moist air. In the presence of

an -wccess of AgNO 3 , the crystalline products were Ag and Cu-O.

(4) '•nper, HZS, moist air. The only crystalline product was CuZS.

Nine lines of faint intensity were not identified.

(5) Copper, HNO3, H2 S, moist a..r. The cr-stalli'- e products were

C-S. CuzS. and Cu(NO3 )Z. 3Cu(OH)2 .

Erneriments w~ith Other Mfetwls. T-bles XI, XJ7. XULi a•d XIT

surwnarize some of thca m-isce.aiae y.- .extbriments carried out with other

.--etais and .alts in the presence of hydro-c: sulfide. It v4-11 be ncted thaL the

combination of a nitra:e. hydror~en sulfide, aad moist air -- extremely

corrosive to many metals.

~I
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TABLE Xi

A Summary of Miscellaneous Expc-r-.'ents on the Corros~on of Various
Metals in the Presence of a Salt. l0O0 eiative Humidity. and HS for

a 22-Z3 Hour Period

Metal Undergoing Salt Placed on Weight Loss of
Corrosion Surface (Unweighed) Corroded Metal

Cu GaCl 3  54 mg
47

41
56
48

Mg HgF 2  (ZO2
HgClI (33)
HgtCl? (.1 3),

HgBrZ Ia
HgIz 17
HgSO4  1
Hg(N03)z - HzO 79

Ti AgNO3  0
AgNO3 0.1
HgFz 4
HgFZ 1

Zr HgFZ (4)

v-'gFz (6)

Cd AgNO3  42
AgNO3 37

Ni Hg(NO3 ).- HzO 37

HgZNO 3 )Z H-O e5
AgNO 3  7Z
AgNO 3  so

Sn AgNO-;
iAgNG3 5-•

Fe AgTO3 !50
Ag•-.O • 14
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TABLE XI (cont)

Metal Undergoing Salt Placed on Weight Loss of
Corrosion Surface (Unweighed) Corroded Metal

Pb HgSO4 (IZ)
HgSO_ (4)

Stainless Steel 303 HgFz 15
1-iFz Z-.-

Zn AgNO3  49
AgNO 3  51

TABLE XII

The Corrosion of Copper, Nickel, and Iron in Contact with Solid '-gS at
100% Relative Humidity in the Absence and Presence of H7S

in a ZZ-Hour Pericd

Metal Undergoing Weight Loss in the Weight Loss in the
Cora-..._ion Absence of H7S Presence of HS

Cu 0.5 Mg. 16 mg.
o.6 ZZ
0.6 Z5
0.5 18

Ni 20 50
19 5z

41
37

Fe 8 Zn
1.5 86

tB



TABLE Xi!!

The Corrosion of Iron by Solid AgNO3 at 100I% Relative Humidity in the

Absence and Presence of HiS

Weight of AgNO 3  Weight Loss Theoretical Wt-ight Loss on

Used of Iron B.isis of Reaction, ZFe +

AgNaING + ZHS---- Ag +

,FeS + NO + ZH O

In Absence of H2S

33 mg. (0.4)

55 7

77 1.5

118 (2)

265 1.2

In Presence of HZS

74 m? 30 mg 49 mg

103 43 68

135 76 89

156 45 103

Z19 59 144

262 99 - 174
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TABLE XIV

The Corrosion of Nickel by Solid AgNO3 at !0O% Relative Humidity in
the Presence of H2 S in a ZZ-Hcur Period

Weight of AgNO 3  Weight Loss Theoreticai Weight Loss on
Used of Nickel Basir- of Reaction, ZNi +

AgNO5 + ZHS----Ag ÷I
ZFeS + NO + ZHZO ,

15 Mg. 39 Mg. .10 Mg.

34 45 Z3

50 68 34

71 57 49

75 61 52

125 72 85

161 76 ill

171 78 118

17Z 73 118

204 82 140

Z67 90 184

383 102 Z65
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DISCUSSION

• The purpose of these experiments was to choose for quantitative study

a system showing very rapid deterioration of copper This purpose was

achieved, but quantitative experimenits were not •~.'¢lated because of termnina-

tion of the contract.

The system consisting of silvvti nitrate, hydrogci, sulfide, and moist

air was very corrosive to many metals including copper, nickel, iron, cadrni~um,

tin, and zinc. In the case of copper and nickel, it appeared that t.he amount of

reaction was muý!, greater than would be expected on the basis 0-. the nitrate

ion concentration It is not known, however, whether the silver nitrate -&as

a true catalyst for the reaction of copper with oxygen or hydrogen sulfide or

whether sirnyLe reaction of hydrogen sulfide with the copper could account

for the F :aou.it of reaction ever ar.d above that called for by a reaction in-

volving nitrate. A decision in this regard must await quantitative experiments.
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ABSTRACT

The rate of oxidation cf a!uminum, contamina•ed vith HglI, in moist

air occurred linearly with time ir. thý- early sta'- of reaction. The rate oi

oxidation at 30oC increased with xelative humid-ty ar.d was a maximum at

80-100% RE. The majority of the reaction wab with exygen but a constar.t

amount of reaction, 0. 066 mg 1Ccm. ?/minute . occur red with water vapo-

over the relative humidity range 36-1000. The "otil reaction of aluminum at

100% relative I'.-nidity was equivalent to 0.9 mg, of aluminur: "cm.. 2 /minute.

The reaction product exhibited no crystalihne diffrti,.n .•-.i.rn when examined

w,.th electron or X-ray beams- The product lost a negligible ar- )unt of water

when heat-.-3 at 115"C. but it did lose an a-.-erage of 34% by weight when heated

at 60-*C. Aging of the product with.out dehydration resulted in the crystalliza-

tion of the beta-trihydrate. An explanation of the strong dependence of the

rate on the relative humidity was given and was based on the supposition that

the electrical propertie,- of any film of oxide present on the surface were a

function "f the relative humidit,.



INTRODUCTION

It is well known that mercury has an extremely dele:erious effect on

aluminum in many environments. For example, the corrosion of aluminum

in boiling ZM HCl containing 1 0 -4 to 10 GM HgCL, is increased a 100-foid

over that in the absence of mercury (1). Aiso. tb• rate of oxidation of al...-

num is greatly increased in the presence ,-f 'nercury as can r-adily be shc,"n

by applying a drop of mercury on an aluminum surface and scratching the

surface in order to aid in penetration of the. xide film.

The purpvse ot the work reported herein -.- s to make a auantitative

study of the oxidation of aluminum in the presence of mercury and thereby

to determine the more important variables. ?reliminary experiments indi-

cated that it was very difficult to obtain rep:cduczble results with metallic

mercury, presumably because of the inability to prepare a reproducible sur-

face whose oxide coating was uniformly penetrated by mercury. Preliminary

experiments with many mercury salts indicated that HgIZ was a sntisfactory

reactant and that uniform attack was obtained over the entire surface when

it was spi cad in a thin layer - Quantitative experimnnts were then confined

-, T•1



EXPERIMENTAL PROCEDURE

It was determined very early in the resea-rch that aluminum in co-.tact

with HgI2 reacted with both nxygen and water v-apo.r .vh-zn both were present

in the atmosphere. The major amount of reactiop leading to a pressure change

at all humidities took place with oxygen as indicated by the fact ta-%t there c;as

a pressure decrease in a closed system containing air when the water vape-

concentration was maintained constant. These observations led us to adopt

pr-ssure change :ni a closed system as the measured parameter for following

the reaction as a function of time. Since the reactic- with o;:yg-•n censu-mes

3/4 mole of oxygen gas for every gram atom of aluminum and the replacement

reaction w•". water evolves 31Z mole of hydrogen gas for every gram atom

of alr- :nu:a, a small fraction of the total reaction involving water leads to a

significant error in assessing the total amount of reaction from pressure

decrease only. Gravimetric measurements were thus carried out in separate

experiments in order to determine the relationship between pressure change

and the t--*'l amount of reaction. As described later, it was found that the

rate of the replacement reaction of aluminum with water was constant at

, ;.Iative humidities ranging from 36 t- I. 1I' and was not greatly different

fr'm the rate of reaction of aluminum with liquid wa.er a;. the sam.- tempcra-

ture. Ali studies were Larried out -A-i'n -.. r.

ihe reactio,, .ppara.. .- :._. :;cd ,f an insulated. doIble-walled copper

chamber whose interior metal surcfa.-- w...- heavily roatd with a flaL bac.k



paint. The scaled chamber was connected to a mercury capillary manometer

at L and to a bellows-type pressure gauge at K. The chamber was maintained

at constant temperature by passing water from a constant temperature bath

between the double walls of i ... chamnber. Tcmin.-rature measurements were

made by means of a thermometer passing into the chamber ,i N through an

"10 11 ring seal.

The cylindrical sample was inserted in the plastic holder G which was

cemented to the bollow support F through which water at constant temperature

continuously c'r.'ulated. The sample fit very tightly in the hol..'er G so that

only the upper circular surface was exposed to ligl 2 . The baoe of the pastic

holder G was machined to a thickness of aproximately 0. 5 mm. so as to

interfere c-- little is possible with the transfer of heat from the specimen to

the 'c ,staat -temperature water circulating through F.

The desired relative humidity was obtained by placing a saturated

salt solution in the plastic tray T and allowing the enclosed system to reach

equilibrium during a 30-minute period. Both thermal and humidity equilibrium

were faMliated by the use of a small fan X which continually stirred the internal

atmosphere. At relative humidities less than 100%, Octoil-S was used as a

.ýýacer to control the internal volume .f the chamber to 1000 cc. At 100%0

relative humidity, water was used as the spacer.

The Hg1Z was uniformly distribu,.-d over the -ample asuface by passing

it through a Nylon sieve E wl-i.Ih wa.- agitated by the stainless steel rod C. A



Fgure 1. Apparatus used ii,. quantItative studies of oxidation cf 103.

aluminum in contact with Cgb.
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movable shield D pr-evented specks of the salt from coming into contact with

the sample prior to the desired time.

The alurni-um samples were prepared fromn 99 999% pure ingot ob-

tained from Dr. Lee Craig of the Rcynolds MVI;Ab Company. They were

machizzeed in the shape of cylinders, 1. 3 cm. in diameter. They were

degreased in ether and were heavily etched in. ?--I liCi irnmediateiy privi '0

insertion into the reaction chamber.- The appearanze of the sample di.~ tng the

reaction was observed through tl'e observation part Q and illumnination wJ~s

provi'ded by a btaery-operated lamp H.



.XPERINMENTAL RESULTS

Rate Measurements

The rate curves, as determined by pressure change uncorrected for

water replacement reaction, were all characte--_ _d by a linear segment in

the early stages as shown by the representative curves in Figs. Z and 3. At

100% relative humidity and 30°C. there was an inducti;- period whicn was

as long as 40 minutes in some instances. This induction period decreased

with decrease in relative humidity at 30*C. and wvs much les•s --t 40*C. and

100% relative hum'idity than at 300C. At l1.w relative humidities the linear

rates were not maintained for long periods and the reaction ce---d •ftcr 100-

ZO0 minutes. At high relative humidities the reaction rate decreased as the

oxygen in the systeem approached a low value. A compilation of all the rate

measur-mept• is given in Fig. 4 in which the average value of the linear rate

is plotted as a function of the relative humidity. The range of all the measure-

ments at any one relative humidity is denoted by the bar.

At high relative humidities (90-100%) the oxide often grew as a con-

tinuous, thick, blue-white colum.n. This colurn grew perpendic"larly and

had sufficient strength to lift the Nylon sieve from its support. At low relative

hum'iities (Z0-50%). the oxide consi!tt-_- short fibers. ' .mewhat powdery

. nd ,.ure white in color. At intermediate humnidities and at high humidities

long ibbon- oi i-d•d furnace.. Microsctp:. e.arw_,satio- of the ptint uf contact

between the aluminum, sinplc _.-.d z;-ai c.rystal of HgI, indicated that

metallic m. -zury was formed and that i z.dlv spre•i -•wr a large area

: '-- • -•- -' .. ... .. -': -' - .. .1 ' I
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Figure 2. The oxidation of aluminum -n air in the presence

of Hg! 2 at 30'C. and ,.-ar.ous relative humiditie-.
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~ Figure 3. The oxidation of aluminum in air at 1000%'
relhtivc humidity in th.-- presercc of Hg12:.
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from its point of origin. Oxide formed ur.iftrmly c:er: the sc:-face in th..-

area covered by the spreading mercury.

As stated previously, it was known tnat a porticn zf tLe total overall

reaction involved a replacement reactic-' cf wazer wi:h aluminum. The

nethod used to determine the fraction ci reaction -with oxygen ar.d '-ith :,'at.1

vapor was as follows. Three to eight expe-imer.ts we=e car=ied cut at each

of the follouing humidities: 36, 58, 73. 81, 85, 93, a. -1_ 30%. The cylindrical

samples of aluminum wf-re rubbed i- _- a-d were immediateiy placed in a

closed systeni -r..-L-.=5'ned at the desire-3 humidity-. The pressure change

during the experiment vas measured and the am-ount of aluminnum consumied

was determined grav-imetrically. The pressure measurements summarized

in Fig. 4 were then uso-d to calculate the arnc--.t -,f reaction with oxygen and

the am.--*st of the replacement reaction w-th water. The results of these ex-

periments are summarized in Fig. 5 and Table I. The information tabulated

in the right hand column of Table I indicated that the rate of the replacemer.

reaction with water was independent of the water vapcor concentration over

t'he rangc -n, 36 to 100% relative Lm._idity•.

Next, it appeared cf interest to dettermine the rate of corrosion of

ah_.-ninum in -water under essentially the same - _. i- --. of amalga--ation.

San.ples of aluminum were coated with. the iedid.• wa-. washed off in- a

stream of water, and the samples were irvmersed foi 1-•4 ho•,•s in a 0. 001M

co-ition o. •:.gClg maintai-ed at 33'. 71-c xie of the rea tion in I experitnents

ranged from a low of 0.013 t a high of 0.035 mg.!'--n.zmin., with an



average rate of 0.020 mg./ c 'min. Thus the :ate cf reaction cf alu--ninum

with watex vapor (0. 066 mg. jcm. Z/min.) was -ict greatly different from the

rate of reaction with liquid water.

TABLE I

A summary of the experiments carried c-t to determi.e the fraction
of the total reaction accounted for by a rt.p!.cement reaction between

aluminum and water.

Relative Ptrcentage of Total CalLulated Rate of Reaction of
Humidity Reaction Involving Water _.uin:-nuxn with Water Assuming a

Linear Rate over the Experiment

mg. of Alicii.:•..- " .:nute

100% 18% 0.05

93% Z3% .07

85!" 30% .09

81% 30% .07

73% Z7% .06

58% 45% .07

36% 64% .05

Average 0.066
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The Oxidation Product

X-ray diffraction ar.alysis of the product immediately after prepara-

tion indicatnd, by the absence of a diffraction pattern. that is was amorphous.

This confir'med the observation made previcit-i. by Straughan (Z) on t* -

product formed when mercury :.ontacted a single crystal of aluminom.

Subsequently, Heyn (3) noted that no crystalline pattern w'as obtained using

electron diffraction techniques on the product formed on aluminum in the

presence of mercury under rcom conditions. Lawless (4) conl~r.ned that the

product for--.,- "in the presence of HgI7 at 100% relative humioity yields no

crystalline diffraction pattern using electron diffraction techn"*4u'z..

Exposure of the oxide to 100% relative humidity at room temperature

for 10-Z•I -iays resulted in the crystallization of beta-A12 0 3 - 3H?0. The

razz -,4 crystallization of the trihydrate appeared to be greater for thc pro-

duct formed at 40"C. and 100% relative humidity than at 30'C. Simultaneously

with the crystallization, the sample decreased greatly in volume and it cb',nged

from its bluish-white translucent appearance to an cpaque white color.

r- .dration of the product at 600'C. for 3 hours resulted in a product

which yielded no diffraction pattern. Rehydration of this dehychated pro-

.ucL by .±xposure to 100% relative humidity fc- - 0 da-' resuited in the

e:-ystalliza-ttion of the beta-trihydratc. Dchydration ,-f the crystalline hydrate

fermc, by hydration of the d-hydx•ted,4..itially-fo: _ed,?;z•.,rpnous oxide

-. elded anhydrous eta -A!)O3. hh a I,. -n obtained in tl.is ci.sc v.as diffuse
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Negligible v eight losse±s were obtained when the oxidation proiduct

was heated at 115°C. for 1-10 hours. Pn estimate of the amount of water

in the product was obtained by determining the wveight loss when the sample

was heated at 600°C. for 3 hours. Aiualyses were perfermed on products

formed at 81 and 100%, -elative humidity at 30*C. and at 100% relative

humidity at 40"C. The weight loss in eight samples ranged from a -ow o'

31 0% to a high of 38.9% with an average ioss of 33.7%. The difficulty i.i

making accurate measurements of this type is a result of the fact that drop-

lets of mercury and HgIz are occasionally trapped in the oxidc l.uring growth.

This weight loss suggests that the approximate -- rrfosition oi 0.e prcduct

is AlzO3 -3H 0, in which the theoretical water content is 34.6% V r weight.
3'i
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These eXp)eri ents fllfirnish additional Colivinlc t' vi(heIIce for the

highly reactive nature of aluminum when its oxidc film no longer offers

protection. The rate of oxidation in air at high ,.lative humidity and 30"C.

for example, was equivalent to the consumption of 0.9 nmg. of aluminim/cm. Z/

minute. The non-protective nature of the reaction product was emphasized by

the fact that the rate of reaction was linear with time as shown by experiments

of the type reported in Fig. 2. Such rates are often obtained w'ith systems in

which the reacoi. 'i product develops faults such as cracks or pores.

Attempts to furnish a quantitative explanation for the oxidt ion h,

havio- are severely limited by the inability to make measurements on or

observatio,. of the aluminum surface during reaction. The dynamic nature

of the a rfv.ce and the presence of the voluminous reaction product precluded

simultaneously rate measurement:,: ad meaningful electrical measurements,

for example. It has been necessary, therefore, to attempt an explanation

on the basis of measurements on samples of other types and on the basis of

the elect','n microscope observation of Heyn (3).

The optical microscope studies indicated that the Hgl 2 rapidly reacts

',:1; aluminum and the resulting free n,;'#cury sr,-'.td. wo- er the surface from

itq ooint of .*,'gin.

It is conjectured that the oxide fil'.n which for-is or the mercury-

cortaminated aluminum surfidce is -;imintr to that which ie forrmc.r during
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anodic treatment (5) in wh::h porýs penetrate the oxide normal to the rmeta;

surface. These pores have been determined to be 100-300 A. in diameter

by electron microsccpe observations (6). It is further conjectured that --se

major fraction of the total oxidation of alumiiiun %indet tht conditions used

in these experiments is electrochernical in nature 'v:th the iimple empirical

anodic reaction being represented by Al - 3e- = A14"" and the simple

emirical cathodic reaction by Oz + 4e- ZU=. The rate under a certain

range of experimental conditions might then be determiined by the electrical

properties of the oxide. Jason and Wood (5), and more recent,-" Stover (7),

have found that the impedance of anodacally-formt-d inxide films is a fanction

of the relative humidity of the atmosphere surrounding the sampl,-. Stover

found, for example, that the impedance of an aluminum sample anodized in

50% sulfuric ?cid at 90°F. and 12 amp. /sq, ft. for 25 minutes was approxi-

mately 106 ohms at 0 relative humidity. 105 .-_ms at 40% relative humidity,

164 ohms at 60% relative humidity, and approximately 2 X 103 ohms at 100%

relative humidity.

Jason and Wood found that the equivalent parallel resistance decreased

from the order of 107 ohms at 0% relative humidity to approximately 3 X 103

ieN-.. at 100% relative humidity for films formed by anodization in chromic

acid, oxalic acid, and sulfuric acid. The eqeivt-ient xaralhel capacitance in-

cretsed fronm 5 X k- z X 103 mi•r.. :.d. at C% reluive humidity t., " :.

i0• microfarads:: ;0(.1 r101'!- --;v. - ..- ; for samples anodized in the sarm•e

three ele -:olytes.
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!f the proper:i-s of the films present on the surface in this study and

the films studied by Jason and Wood are similar, then it may be said that

the eilectrical properties are strongly a function cf the relative humidity.

Further, if the reaction is indeed electr:chemical r, nature, it is to be ex-

pected that the rate would be intimately related to the electrical properties

of the film.

It is proposed that the passage of al-hn, iumn ions through the fi-n

occurs largely at pores whose diameter is of the order cf 100 A. The electron

micrograph of Heyn (3) clearly shows that the oxidation product - needle-

like in nature. Transport of aluminum ions througn tie pores appar--yn1

occurs readily and reaction with oxygen and water molecules appar-aitly

occurs within the pore or at the top surface. Transport of aluminum ions

through the film necessitates the transport also of electrons. Their ready

transport perhaps occurs at places where mercury penetrates through the

film, but they may also move through the film at other locations.

The location of the pores in the film probably continually change as

the aluminum at the base of the pore is consumed. T--anspczt of aluminum

atoms at the base of the pore may be facilitated by the presence of mercury

and t.-; the highly exothermic nature of the oxidation process.

The role of water in the reaction is a very complex ,'.ne. It is apparent

that tie influence of %%ater on the ovez a!l r -: e =f the exidat LLo of aluminum is

"more than simply an effec-t ;Tn the Ale:-icR' proper•ties of the film since



/

119

water is an intimate component of the reaction product. Very little of the

incorporated water was lost on heating at 115'C. and the composition of the

product as determined by dehydration at 600"C. was equivalent to A12O 3 ' IHzO

Storae at 10016 relative humidity also 1-3d to crystallization of the trihydrate.

Water also was involved in a direct chemical reaction over the entire range

of relative humidity in an amount equivalent to 0. 066 mg. of aluminumicm. 'i

minute.
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PART E

"An Ultrastructure Study of the Corrosion -'r&iu-.. Fc,"-..nd

during the Catastrophic Corrosion of Aluminum in the
Presence of Mercury and an Hypothesis for Explaining the

Structure Observed"

By

Anton N. J. Heyn
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ABSTRACT

An electron microscope study was made of the product formed when

mercury and mercury alioys were contacted with al--imnu-n in air at room

tempera.ure. The structure of the product consi. ed of uniferm, eiongated

micellar strands, approximately 100 A. in width and ZOO0 A. or mere in

length. An hypothesis of alternating active sites was proposed. Electron

diffraction studies gave no evidence thaL the pm-cduct was crystallihe.

C..



It has long been known~1 ) that upon exposure of ahimmruum to mercury

a remarkably destructive type of corros:on oic4urs -.., %%.'hch most fantastically

shaped fib~rous filaments, bands and -'-eets oi aluminum hydroxidt-0)

hydrated aluminum oxide seem to grow rap,,41y f rom the met--,

particular type of corrosion is most detrimental and extremely difficult to

stop, once started.

An ulti-astructure study of this phe- -3rnenon with the electron micro-

scope has beer, c:ai cied out by the author, the re-uiti~ of which ate briefly

reported herein.

From the electron micrographs, which are reproduced at a mragnifica-

tion of 23,5,60 times, it is seen that in all casez. Ehe corrosion product has a

typica' ultrastructure which at first sight looks like a polycrystalline co. -

figuration. The composite structure consists uf sub-microscopic.. uniform,

elongated micellar strands or n-eedles, which at e bundled together cvc:r

larger ranges in almo~t parallel orientation. These needles very often appear

to be flz--.:ened and have an almost uniform width of abo~ut 100 A. !nd-catiofls

c!f a helical or coiling appearance is often observed. 'rhe length of the needles

o_ strands is very difficult to determira=- out :t v, :.i at leasi twenty

tai:es the ciameter, but very often mruc.' longer. :ý-t ruptures are

often seen across the n~eedles. The impi L-ssie.t i:. ebtaz"ed tth-t longer istrands

(i) H- R!Ohrxg Aluminunr. Zc-z-"~ rczh Quc. ks.lIber iund :h-e

Bcldimpfung. Korrc. -on und Metallsebutz 3., 9-)



are broken at irregular places into shorter pieces to fco!m the necdles.

Sometimes consistent large patches of ve-y high electror. absorption

(appearing white on electron micrograph #4) are obse.vcd, which arc p.-o-

bably micro droplets of mercury cav:ied along ".,d captivated by ý.he g-:owing

fibers. In the vicinity of these drops much finer. fibers art. often seen.

When other metals have been added to the mt- ...- y, sr.ch as ,tad atl

thallium, the shape and size of the strands is somewhat different. They are

rrore compressed in length and more irregular in appearance and crienta-

tion (electron ,.n..-.rograph #5).

A few electron diffraction observat~ons we-e reade fo, d,,.termrn-ng

whether or not these strands have crystallire configuration. At Lirst sight

they usually give the impression of having micro crystalline nature. No

clear -. lectron diffraction was cbtained, so that the ccnzlusior. must be made

that the particles are probably amorphous.

The explanation of the remarkable structure obse-rved has to be based

on the physical-chemical process underlying its formation. The findings on

the strt--,re inversely may point to the natu-e of this process. On the basis

of the above observation the following explanaton is p.esented by the author.

The essential features of the C 2 ..ast.:.•cture cbs,-vcd is the presence

-of elongated micro fibrils of rather constar•t diarmeter., g-tcwn from tOle sur-

face and packed in parallel crientation. Similar forrxati'|ns .'e bc.-n cb-

served in the case of so-cah.Ad ' metal w•',iiskez s. ' wl.ch a!,st al So elOngi.ed

structur,.s grown from a metal sur'fai...- -r.i -ne d;._:ction. A d,-ffc:-encte is



that in the present case the fibers have apparently nc crystalline ccrf:-uxa-

tion, so that crystalline forces probal-', do not play a part in their growth.

The author, therefore, suggests the use of the term "amorphous whisk--rs"

for the present structures.

It has long been assumed") th.- the aluminum hydroxide is fc:imed in

this corrosion process under dissolving of th•t a'-_rninurn in the 1iu-dnxIl .:-,•

layer covzring its surface to form an al.-ninum-mercury ally and under

subsequent oxidation of this alloy in ccntact with moist air.

Assuming that this is correct. thht . llowing h-oothec-=s 'or the details

of this procesb can be presented on the basis of *I-e ultrastructure observed.

The oxidation of the aluminum alloy will take place in anodic regions which

alternate with cathodic regions or. the surface. Afte: the first layer of oxide

has covered the anodic sites, further oxidation will result in the growth of

parallel fibers of infinite lengths in vertical direction, separated at the foot

by the cathodic regions. As a result of growth pressure and maybe also

shifting of the anodic regions over the surface, coiling, transverse rupture

and shifting of the fibers may occur. This wc-.1d f•lly explain the features

observeo. If this hypothesis is correct, the cross section cf the fibers

"* • essentially correspond to the area of the anodic domains and the cross

set tion of the composite fibers would be a true repzesenta*ion of this distri-

h•t.on of z.nodic and cathodic region= on .he surf F- z.,-. ti"e cross sections

of the fibers it could cz,.-.luded !hen that th.. c.oss sec-t..on oi the anodic

sites wouid be about 100 A. and f-o, e ".-t-king of the fil-ers it co-.:; he



concluded that the packing is probably not much more than twice this va.ue.

This hypothesis of alternating sites would nicely explain the main

point, why a discontinuous arrangement of wh-skers is formed rather than

a continuous layer of oxide.



No. I. Catastrophic corrosion of aluminum by pure mercury.
Fibrils almost in original arrangement. The di-ection
of growth is perpendicular to the metal surface a:nd
along the meridian of the photograph. Magnfifcati..
Z3, 560 X.

No. Z. Catastrophic corrosion of aluminuim by pure mercury.
Fibrils spread out from original arrange.,ient to sho',
their shape better. Magnification Z3,560 X.

No. 3. Catastrophic corrosion of aluminum by parc mercury.
Fibrils spread out from original arran-,ement to •h-:2.

their shape better. Magnificatio. 23, 560 X.

No. 4. Catastrophic corrosion of aluminum by purt .. ercuf?
In center of p:cture a droplet of mercury surrounded by
needles of finer structure. Magnification 23.,560 X.

No. 5. Catastrophic corrosion of aluminum by mercury to
7-h•'•0- 20% thallium has been added. Magnification
23. 560 X.
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